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A B S T R A C T
The analysis of m ultihadronic events resulting from the  interaction of 
an electron and a positron has been carried out using the d a ta  obtained with 
the CELLO detector situated  at the PE T R A  e ^ e -  storage ring. There are 
5605 events in  the  d a ta  sample which were acquired at an average beam  
energy of 22 GeV.
These events were used to  ascertain w hether the hadronic da ta  could be 
described by a candidate theory of the strong interaction; nam ely quantum  
chromodynamics. It is shown th a t quantum  chrom odynam ics describes the 
main features of the data.
The theoretical properties of the transition  from  quark and gluons to 
hadrons is discussed, and in particu lar, three models of fragm entation are 
discussed. The relative m erits of the string model, the independent je t 
model and the cluster model were evaluated from an experim ental viewpoint 
and on a theoretical basis. The string model of fragm entation was found to 
give the best agreement w ith the published experim ental data .
Using the string model of fragm entation, a value of 0 5 , the strong in­
teraction coupling constant, was obtained. This was done by statistically 
fitting the experim ental corrected d a ta  to the theoretical quantum  chro­
m odynam ic prediction. Various distributions were employed to determ ine 
a s  and their relative m erits assessed. It was found th a t the energy energy 
correlation asym m etry provided the m ost accurate m easure of the strong 
coupling constant, namely,
a s (Q2 = 1936 G eV 2) = 0.152 ±  0 .OlO(systematic) ±  O.Ol(statistical)
P R E F A C E
This thesis describes the study  of one-photon virtual exchange in terac­
tions carried out using da ta  from the  CELLO detector at the PE T R A  e+ e-  
storage ring situated  at DESY, H am burg, W. Germany.
The study was designed to  show th a t the strong in teraction, one of 
the four fundam ental forces, could be described by the theory of quantum  
chrom odynam ics and if this were true , to  ascert ain the strength  of the strong 
in teraction  by determ ining the strong in teraction coupling constant.
The results obtained in this thesis depend directly or indirectly on the 
work of m any people, although the physics analysis presented in this analysis 
is the individual work of the author.
The au th o r’s individual contribution to  the experiment included the 
supervision and m aintainenance of the muon detectors and an analysis of the 
M onte Carlo at the generator level. The au thor was also involved in a study 
of the liquid argon calorim eter, and in particu lar, the energy deposition 
characteristics of photons in this part of the detector.
No portion of the work referred to in this thesis has been subm itted  in 
support of an application for another degree or qualification in this or any 
other university or institu tion  of learning.
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C H A P T E R  O N E  
T H E O R E T IC A L  IN T R O D U C T IO N
1.1 In tr o d u ctio n  to  partic le  p h ysics
Research into high energy physics is carried out to try  to  discover the 
fundam ental s tructu re of m atter. At the beginning of the tw entieth  century 
it was believed th a t 92 atom ic elements were the elem entary building blocks 
of nature. Then came the discovery th a t the atom s themselves were made 
up of a nucleus containing protons and neutrons surrounded by clouds of 
orbiting electrons. At present, there are thought to be three m ain groups 
of elem entary particles; quarks, leptons and gauge bosons, some properties 
of which are shown in table 1.1.
Four known forces dictate the way in which these particles interact. 
The m ost familiar force is the electrom agnetic force, which through the 
m ediation of photons influences charged particles. This force dominates 
outside the nucleus and is hence responsible for much of chemistry, biology 
and everyday life. The weak force is responsible for m any nuclear processes 
such as the be ta  decay of neutrons into protons and is thought to act through 
the exchange of weak bosons. Quarks are bound together by the strong 
force, carried by gluons, and all particles which undergo strong interactions 
are called hadrons. All particles are influenced by the gravitational force but 
this interaction is negligible at present energies, com pared w ith the other 
three forces. The strong force is a million times stronger th an  the weak 
force and a thousand times the strength of the electrom agnetic force.
The calculational framework of m odern particle physics is relativistic 
quantum  field theory, of which quantum  electrodynam ics (the theory de­
scribing the electrom agnetic interactions of photons and electrons) is the 
prototype. During the last twenty years, the im portance of a special class
G roup S ym b ol N am e Spin C harge
Q uarks u up 12
2
3
d down 12
1
3
s strange 12
1
3
c charm 12
2
3
b bottom 12
1
3
t top 12
4
3
Leptons e electron 12 - 1
muon 12 - 1
T tauon 12 - 1
Ve e— neutrino 12 0
VV fi— neutrino
1
2 0
Vt r — neutrino 12 0
Gauge Bosons 7 photon 1 0
w+ 1 +1
W~ weak bosons 1 - 1
z 1 0
gi(i = 1 . . .  8) gluons 1 0
T able 1 .1  : The m ain groups of elem entary particles and some of their 
properties. The un it of charge is defined in such a way th a t the electron 
charge is —1. The spin is given in units ofH.
of quantum  field theory, called gauge theories has become apparent. Quan­
tum  electrodynam ics (or QED) is the simplest example of such a theory, 
while another example is the theory of the strong interaction; quantum  
chrom odynam ics (or QCD).
The electrom agnetic and weak interactions are unified in the Glashow- 
Salam-W einberg model, which together w ith quantum  chromodynamics forms 
the s tandard  model of elem entary particle interactions.
1.2 T h e G lash ow -S a lam -W ein b erg  m o d el
The application of the gauge principle to the weak interactions of quarks 
and leptons produced a model which led to the electrom agnetic and the weak 
in teractions being unified.
The relevant sym m etry group was first proposed by Glashow [1] in 
1961 and then investigated by W einberg [2] in 1967 and Salam [3] in 1968. 
Glashow recognised th a t the interactions were invariant under weak isospin 
S U ( 2 ) l  transform ations, suggested by the fact th a t the  coupling of the 
weak in teraction to  bo th  quarks and leptons has the same strength. He also 
saw th a t a second sym m etry was involved,i.e., the U{l ) y  sym m etry of the 
electrom agnetic interaction.
An 517(2) x 17(1) invariant Lagrangian could then be constructed by 
com bining these two transform ations. This is done by replacing the basic 
electrom agnetic interaction, as used in QED to calculate electromagnetic 
am plitudes, w ith two basic interactions
- i g j p  • W "  =  - i g ^ L l t l T  • W ^ L
The first of these interactions involves an isotriplet of weak currents J^
2
coupling to  three vector bosons W ^  w ith the operators T  being the gener­
ators of the S U ( 2 ) i  group. In the second interaction, a weak hypercharge 
current is coupled to a fourth vector boson B M with Y  the generator of
U(1)Y .
The fundam ental constants g and g' represent the couplings of the 
SU( 2) l and U(1)y  p arts  of the gauge group respectively.
Since the  weak isospin assignments and associated transform ation prop­
erties apply to  the left-handed parts  of the wavefunctions only, the left- 
handed fermions form isospin doublets ipl while the right- handed fermions 
are isosinglets if>R.
Thus for leptons we have
and  for quarks
=  I ^ R  = eR
*i>L = ( j  $R = UR or dR
The Kobayashi-M askawa m atrix  [4] determ ines the com binations in the 
charged current. The electrom agnetic current is a com bination of the two 
neu tra l currents and and the two physical neutral gauge fields A M 
and Zfj, are com binations of the gauge fields and B
The Higgs m echanism  has to be used to incorporate particle masses in a 
gauge invariant m anner. This requires the addition of an isospin doublet of 
complex scalar fields, w ith Y  — 1 and a non-zero vacuum expectation value, 
to  the Lagrangian. Thus, the gauge sym m etry is spontaneously broken with 
the  theory rem aining renorm alizable, while the W ^ and the Z°  become 
massive and  the  photon  rem ains massless.
3
1.3 G luon s and co lour
It is thought th a t the complexity of all hadronic m atter, e.g. protons, 
neutrons and pions and all the other strongly interacting elem entary p ar­
ticles can be considered to be m ade up of smaller building blocks called 
quarks. These are fermions, like the leptons, w ith spin | ,  w ith three quarks 
combining to form a baryon, and a quark and an antiquark forming a meson. 
The hadronic properties of charge, strangeness, charm , beauty and baryon 
num ber are all possessed by quarks although sometimes not in integer units, 
as can be seen from table 1.2.
At present accelerator energies five types of quarks called flavours are 
needed to  explain the entire hadron spectrum ,i.e., up, down, strange, charm  
and bottom . The u , d  quarks transform  as a doublet under an almost exact 
SU{2 ) of flavour, the u ,d , s transform  as a trip let under an approxim ate 
5Z7(3) of flavour, the  u, d , s , c transform  as a quartet under a badly broken 
SU(4)  of flavour.
A series of experim ents on deep inelastic lepton scattering [5] showed 
th a t quarks were not merely m athem atical objects used to construct hadrons, 
bu t behaved as freely moving, point-like objects. In these experim ents, a 
nucleon is struck by a high m om entum  probe, which is usually a photon, 
as shown in figure 1.1. If the pho ton’s m om entum  is high enough it will 
have a small enough wavelength to penetrate the hadron and thereby see 
the constituents inside, which are found to have all the quark properties. 
However, at today’s energies these partons never seem to emerge from the 
hadron.
Since these partons do not appear as isolated objects outside the nu­
cleon it has been postu lated  th a t they m ust have some property  which is 
not possessed by hadrons. This property is called colour [6] and comes in,
QUANTUM NUMBER
QUARK charge strangeness charm beauty baryon
u 2/3 0 0 0 1/3
d -1/3 0 0 0 1/3
s -1/3 -1 0 0 1/3
c 2/3 0 +1 0 1/3
b -1/3 0 0 -1 1/3
T ab le  1.2  : Some of the quantum numbers of the five quark flavours
F ig u re  1 .1  : Deep inelastic scattering e~p —*■ e ~ X
say, the three shades of red, green and blue.
The introduction of the concept of colour has explained why the lowest 
m ass, spin 3 /2  states of apparently  identical quarks can exist. For example, 
three u quarks combine in a completely symmetric ground sta te  to form the 
A ++ baryon, which is a sta te  forbidden by Fermi-Dirac statistics. However, 
w ith the introduction of colour the quark wavefunction for the A state can 
be w ritten  as u r u q u b  and so the three u quarks are now distinguishable 
by their colour quantum  num ber, thus solving the statistics problem.
A red, a green and a blue quark comprise every baryon, while a meson 
is a linear superposition of red-antired, green-antigreen, and blue- antiblue. 
H adrons, although built of coloured quarks are colour-neutral or white, since 
they are observed in nature.
It is clear th a t a strong force is needed to bind the quarks together 
in the hadron and to  overcome the electrom agnetic repulsion of, for ex­
am ple the three u quarks in the A ++ baryon. This force is m ediated by 
gluons with two quarks exchanging a virtual gluon in an analogous fashion 
to  the exchange of a v irtual photon in quantum  electrodynam ics (QED). A 
schematic representation of this is given in figure 1.2.
The gluons are bicoloured objects and occur in nine varieties w ith the 
ability to in teract w ith each other (see for example figure 1.3) under a 
colour transform ation, apart from one com bination, which is a colour singlet 
lacking any net colour charge and so cannot carry colour from one quark to 
another. This singlet gluon need not be confined and can couple to quarks 
w ith a strength independent of the other eight and since it is arbitrary, this 
coupling is set to zero. Eight gluons are then left and this octet is allowed to 
transform  as the adjoint representation of S U ( 3). The m ediating gluons are 
required to have odd spin so th a t the colour forces th a t succeed in binding 
a qq pair into a meson fail w ith a qq pair. The spin is taken to be one since
5
q >~
-< q
(a) (b)
R  5 * - >  B
( B R )
R -   <  B *
(c)
F ig u re  1.2  : (a) Electrom agnetic interaction by photon exchange (b) 
Strong interaction by gluon exchange (c) Flow of colour in (b)
R
F ig u r e  1 .3  : Self-coupling of gluons
this is the only renorm alizable choice.
1.4 Q u an tu m  ch ro m o d y n a m ics
In quantum  chrom odynam ics (QCD), a trip let of coloured quarks in ­
teracts through the exchange of an octet of vector gluons, described by a 
Yang-Mills gauge theory.
Spinors ^  ,where i =  1, . . . ,  N  , describe the quark fields and transform  
as the fundam ental representation of SU ( N) .  The gluon fields are described 
by A% , where a =  1, . . . ,  (N 2 — 1), and transform  according to  the adjoint 
representation.
The N  x N  m atrices (T a)ij represent the S U ( N ) transform ations, and 
for N  = 3 these m atrices are ju st equal to |A a where Aa are the Gell-Mann 
m atrices w ith a = 1, . . . ,  8 .
T he com m utator of any two of these m atrices is a linear com bination 
of all the T ’s ;-
[ r a , r 6] = i f abcT c ( i - i )
where f abc are real constants and are called the s tructu re  constants of the 
group.
The QCD Lagrangian density assuming massless quarks is given by,
L q c d  =  -  \ F ^ F allv ( 1 - 2 )
where the covariant derivative is defined as follows,
D$, =  P S i j  -  i g ( T ‘)t iA !
and the field strength  tensor is,
F r  =  -  d 'AZ +  g f abcA%A"
6
w ith g the only coupling of the theory.
An Abelian theory like QED is easily obtained by setting f abc = 0 in 
equation (1-1) and hence making the com m utator zero. Equation (1-2) is 
thus the non-Abelian generalisation of a successful theory, nam ely QED.
The invariance of the Lagrangian is expressed in term s of L q c d  ~ > L q c d  
under any infinitesim al local g^nge transform ation defined by ea , such tha t
fa -» i’i -  i(Ta)ij^j€a 
—> $i  +  i $ j { T a)j i ta
A ^ A » a + f abcebAH -  - d » t a
9
This p roperty  of local gauge invariance uniquely determ ines the structure 
of the theory and m ade it consistent w ith unitarity.
One of the properties of any physical theory is th a t probability must be 
conserved in any scattering process. The high-energy behaviour of scatter­
ing am plitudes is thus severely constrained by the un itarity  of the 5-m atrix. 
The renorm alisability of the underlying field theory is closely related to this 
behaviour. Yang and Mills [7] recognised th a t imposing the condition of 
local gauge invariance made the theory renorm alizable and so give sensible 
high energy behaviour for physical processes.
1.5 C a lc u la t io n s  in  Q C D
There are two m ethods of performing calculations in QCD at the present 
tim e, using either lattice gauge theory or pertu rba tion  theory.
Lattice gauge theory m ethods a ttem pt to com pute properties directly 
derivable from the Lagrangian of equation (1-2). This technique is difficult 
and requires a large am ount of com puter tim e and hence present results
are only concerned with static problems, such as the spectrum  of hadronic 
masses.
In order to  perform  calculations, the gauge freedom of QCD has to be 
removed by choosing a specific gauge of which the most common are the 
Feynman gauge, the Landau gauge and the axial gauge. Calculations in 
QCD using pertu rba tion  theory are carried out by applying the Feynman 
rules deduced from  the Lagrangian, given in table 1.3. The two covariant 
gauges are specified by the param eter (  w ith £ =  0 being the Landau gauge 
and (  =  1 the Feynm an gauge.
The gluon propagator, however, has too m any degrees of freedom for a 
massless physical vector particle and in effect includes an unphysical scalar 
com ponent, which m ust be removed. This is achieved by adding appropriate 
ghost fields to  the Lagrangian with contributions arising wherever there are 
gluon loops. If the axial gauge is used, no ghost term s are needed.
The presence of gluon and fermion loops in some graphs in perturbative 
QCD leads to the appearance of three types of colour factor. Two of these 
are the Casim irs C ( F ) and C(A) ,  while the th ird  is the trace factor T ( F ), 
which are shown diagram m atically in figure 1.4.
For S U ( N ) and N f  flavours, we have
n 2 _ 1  N  / N 2 -  1 \
£  £  2X2?,• ee C ( f  )«„ = (  - 1 F -  )
0 = 1  k = 1 V '
N2- l
^   ^ f a c d f b c d  — C ( . A ) £ a b — N 6 a b 
c ,d —l
N N
Nf  ]T  232* = N ,T (F )6ab =  - ± 6*
*,.7=1
8
Feynman rules Covariant gauge (£) Axial gauge (n")
- / 
M »•
p
- I T U ---- 2~ + (—T'Iq \ q q J
h
p
.&*>(*, nMq,' + qHn' n ^ 'q " }
,_t U  + 7—"TT1q \ n.q (n.q)  /
• .Sab
" V
None
X
-ig r„ v -ig V rM
T
- gfabA* None
-«/«*c[g^(P "<?). + g^(q  -r)b
+g** ('■-p VI
-gfabc [gAm(P “<?)* + g*v(<? -  ')x
+gwx('“ | )m]
X tg [/oic/cdf g.»gv)f^acefbdr ( SkxKm* &ngjk|t) f^Qdefcbe (Sk/aSx*
"”lg [/olx/cir v )
factfbd* (g«A&M* *" g*f ^ gx#* ^
~^fadtfcb*(&ttngx*' gacxg**.*')]
T ab le 1 .3  : The Feynman rules for performing calculations in QCD
F ig u re  1.4  : Diagrammatic representation of the two Casimirs and 
the trace factor for S U( N)
1.6 R en o rm a lisa tio n  in  Q C D
There are two types of diagrams or term s, called loop and tree diagrams 
respectively, in a pertu rbative expansion. In the loop diagram s, examples 
of which can be seen in figure 1.5(a), an in term ediate v irtual sta te  is cre­
ated and then destroyed, and these represent the higher order corrections. 
The tree diagram s, such as those in figure 1.5(b), have no such loops and 
correspond to  the lowest order term s. M athem atical difficulties occur in 
the calculation of loop diagrams because integrations need to be performed 
over the m om enta of the interm ediate particles. These integrals are usually 
divergent, since they extend up to infinite m om enta, and hence reflect the 
failure of the theory at large mom enta. This problem  is dealt w ith using 
the procedure of renorm alisation.
This means th a t the infinities of the theory are absorbed into the basic 
constants of the theory, such as the coupling constants and masses, which 
are then renorm alized to their finite physical values. Hence, these coupling 
constants and masses cannot be calculated in this theory and m ust be mea­
sured experimentally.
The Lagrangian is then rew ritten in term s of the renorm alized fields 
iJ>r  and A%'r , which are given by ;
v- =  z l /2^ R
AH = Z \ n AH'r
where Z 2 and are the renorm alization constants of the quark and gluon 
field respectively.
The renorm alization constants are determ ined by using a particular 
renorm alisation scheme, of which there are three m ain examples.
9
Fi
gu
re
 
1.5
 
: 
Fe
yn
m
an
 
di
ag
ra
m
s 
for
 
(a)
 
qq 
an
d 
(b
) 
qq
g 
pr
od
uc
tio
n
The m inim al subtraction (ms)  scheme uses the m ethod of dimensional 
regularisation and has the advantage of being gauge-independent. This in­
creases the num ber of space-time dimensions, X , to a num ber other than  
four and then  the infinities appear as simple poles at X  =  4 . A finite 
result is obtained by subtracting these poles ~  The disadvantage of
th is scheme is th a t the m om entum  scale is introduced solely on dimensional 
grounds. The modified minimal subtraction scheme (ms)  involves the re­
moval of constants like (InAir — yg)  , where y s  is the Euler-Mascheroni 
constant, which appear in many quantities through dimensional regularisa­
tion. A th ird  scheme is m om entum  subtraction (mom)  in which the vertices 
and  the coupling are renormalized at a m om entum  close to the mom entum  
of interest. This m ethod has the disadvantage of being gauge-dependent.
Physical quantities should not depend on the particular renorm alisation 
scheme used and so perturbative expansions carried out to all orders should 
yield the same result.
1.7  A sy m p to tic  freedom
The quark-gluon interaction of QCD th a t binds a hadron  together 
would seem to  be an even stronger force, w ith a larger coupling, than  the 
force th a t keeps a nucleus intact. This is suggested by the fact th a t free 
quarks and gluons have not been observed in natu re  i.e., they are confined in 
colour singlet hadron states. In deep inelastic scattering experim ents using 
a high m om entum  probe however, the quarks appear to be freely moving 
particles w ith an effectively small coupling. The procedure of renorm alisa­
tion provides the solution to this apparent contradiction and leads to the 
property  of asym ptotic freedom.
In the process of renorm alisation, the coupling g is renormalised by 
defining its value to be g(fJ>2) at some new m om entum  scale Q2 = fi2. This
10
m om entum  scale is usually taken in e^e annihilation to be the centre of 
m ass energy squared, denoted by £ .
The behaviour of g(fi2) is defined by the differential equation
Q
M  =  ^ 9
where the (3 function can be calculated in pertu rbation  theory.
Defining a s ( Q 2) =  9 ^   ^ this equation gives the solution,
which can be rew ritten as
127r
a s (Q  ) =  --------------------T~n2 <
(33 -21V / ) ? n ( ^ - J
where N f  is the num ber of quark flavours and A ll  is a constant defined by
a1iQ2)  = (33 -  2Nf ) l n  ( £ )  +  6 ( i f f ^ )  /„  ( /„  ( £ ) )  ^
From  equation (1-3) it can be seen tha t as Q2 increases, ois(Q2) de­
creases and is therefore small for high Q2 (short distance) interactions such 
as are found in deep inelastic scattering. Hence, for high Q 2 processes the 
pertu rba tive  expansion converges quickly as o?s(Q2) is small, while low Q2 
processes are difficult, if not impossible, to calculate. The theory of QCD 
is thus said to be asym ptotically free.
1.8  e+ e-  an n ih ila tion  into je ts  in  Q C D  p e tu rb a tio n  th eo ry
In e+ e_ annihilation, the hadrons tha t are formed from the interaction 
of the underlying partons are found to be produced in je ts of particles.
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The partons possess a spread in m om entum  since they are confined to the 
interaction region. This effect is enhanced in the transverse direction with 
respect to  the beam  axis, thus giving the partons an intrinsic transverse 
m om entum . Thus, in tu rn , the hadrons are produced in je ts  or cones, with 
a lim ited transverse m om entum  of a few hundred MeV w ith respect to the 
original parton  direction.
There are two different m ethods used to describe the evolution of par­
tons in e+ e~ annihilation. The first m ethod is known as fixed order QCD, 
where every term  in a perturbative expansion is used up to  a given order, 
w ith the higher order term s being ignored. This is in contrast to  leading-log 
QCD, in which the largest contributions from all orders are summed, while 
the non-leading term s at each stage are neglected.
The process which leads to  the production of hadrons from  the initial 
state  partons is not calculable in QCD. Thus, several phenomenological 
models have been introduced to describe this fragm entation process, and 
these will be discussed in the next chapter.
1.8 .1  F ix ed  order Q C D
The diagrams th a t contribute to  the process e~*~e —> qq and are of
order a s  are shown in figure 1.5(a,b). The graphs in figure 1.5(a) are 
O (a s )  and are multiplied by the zeroth order diagram  of figure 1.6 thus 
giving the O (a s )  corrections to the two je t cross section e+ e~ —> qq. Each 
of these diagrams is ultraviolet divergent, i.e., the integrals over the virtual 
m om enta k diverge as k —» oo. However, the divergences cancel when the 
contributions from all three graphs are summed, but divergences still arise 
when k —> 0 , because the gluon is thought to  be massless. These infra-red 
divergences cancel if the contributions from the process e+ e-  —> qqg , which 
also have infra-red divergences, are added. Another divergence, called the
12
F ig u re  1 .6  : The process e+e —► qq (a) to zeroth order (b) to 0(cts 
.e., the one-gluon corrections
collinear divergence, occurs when the v irtual gluon is collinear with the 
outgoing quark ,i.e., 0 , the angle between the quark and the gluon , —> 0.
The dimensional regularization procedure ofH  Hooft [8 ], as mentioned 
earlier, defines these divergent integrals and hence controls the divergences.
Figure 1.5(b) contains the gluon brem sstrahlung diagram s which also 
need to be considered for the process e+ e"^  —> qqg up to order 0 5 .
One more gluon can be em itted from one of the quark branches if order 
a 2s  effects are considered. This leads to a four parton  final state, which is 
in terpreted  as the production of four jets. The two processes th a t produce 
final states are e+ e-  —> qqgg and e+ e“ —> qqqq , the diagram s for which 
are shown in figure 1.7. Four je t events are produced only in kinematic 
regions away from degenerate regions, which is where some of the partons 
are collinear or soft. The degenerate regions correspond to two and three 
je ts and give infrared and mass singularities on integration.
The divergences in three je t cross section are cancelled by the O (o2s ) 
v irtual corrections to 3 je ts shown in figure 1.7. The two je t divergences 
cancel if the v irtual two loop corrections to the qq final state are considered 
w ith the 2 je t contribution in the virtual qqg diagram s of figure 1.8.
The second order three parton final sta te  correction has been calculated 
by several groups, known as the FKSS[9], ERT[10] and V G O [ll] groups 
respectively. These three groups obtain different results largely as a result 
of using different cutoff procedures in order to decide w hether two partons 
should be classified as two separate jets. These differences are now under­
stood and the generator in the Monte Carlo used in this study employs the 
calculations of the FKSS group.
It has recently been suggested [12] th a t the approxim ations used for 
the four parton cross section are invalid because the neglected term s are not
13
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F ig u re  1.7 : Feynman diagrams with four partons ( qqgg and qqqq) 
in the final state
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F ig u re  1.8 : Feynman diagrams with qqg in the final state  to order
negligible. However, this point is still a m atter of debate am ongst theorists 
and as such, will not be considered further in this work.
1 .8 .2  L ead in g-log  Q C D
In e+e-  annihilation, the initial quark-antiquark pair are produced 
w ith a mass scale determ ined by the energy of the v irtual photon. If a 
parton  then radiates another parton  its mass is reduced since it has lost 
p art of its energy and mom entum . This process of parton  radiation leads to 
the production of a parton  shower by which the initial state partons evolve 
through m ultiple gluon radiation. This evolution occurs perturbatively and 
can be calculated using the leading-log approxim ation. The shower contin­
ues until the mass of the parton reaches a small cutoff value. The advantage 
of the leading-log m ethod is th a t the development of a parton  system can 
be described over the whole time period for which pertu rbation  theory is 
valid. This is in contrast to the fixed order m ethod, which is only applicable 
for a short period of time. The details of the leading-log approxim ation can 
be found in the review article on QCD by Pennington [13]
1.9 S h ap e variab les in e~ a n n ih ila tion
In the simple quark parton model, the process e+ e~ —j► qq > hadrons 
produces two identical jets of hadrons back-to-back. W hen processes such 
as e+e-  —> qqg are allowed by perturbative QCD this simple picture of the 
event shape becomes more complex. At high energies, the two-jet system 
becomes asym m etric with a fat je t, from say the qg subsystem , recoiling 
against a slim je t, from the antiquark. The emission of a wide-angle high 
energy gluon leads to a distinct three-jet structure , when the centre of mass 
energy is sufficiently high.
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Shape variables are used to measure and quantify this je t structure in 
e ^ e -  annihilation events.
The most common shape variables are those determ ined using the 
second- rank m om entum  tensor [14] ;
N
M a/3 =  J ^ P j a P j p  ( ol, P  =  x , y , z )  ( 1- 4 )
where N  is the num ber of particles in the event, and ■^2y? for example, is the 
m om entum  of the second particle in the y -direction (as defined in a right 
handed Cartesian coordinate system). The unit eigenvectors fi-i,712,^3 have 
corresponding normalised eigenvalues given by
E (? j -nk)2
Qk = t L l i   fc =  1, 2,3
E  v)
J=1
These eigenvalues satisfy the equation
Qi + Q2 + Qz — 1
and are ordered such th a t
Qi < Q2 < Qz
The plane defined by n 2 and n 3 is called the event plane, while the sphericity 
axis is defined as the direction n 3 . These vectors are shown schematically 
in figure 1.9, together with n j , which defines the direction in which the 
sum of the m om entum  components is minimal.
From the above eigenvalues the quantities sphericity, 5 , and aplanarity, 
A, can be calculated,
5 = ~(Qi + Q2)
A = \ ( Q i )
15
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F ig u re  1.9 : The coordinate system determined for a three-jet event 
by the momentum tensor
/
The sphericity of an event is a measure of how well the event shape re­
sembles th a t of a spherical as opposed to an elongated structure. A collinear 
two je t system has 5  =  0 while an isotropic event has 5  =  1.
A measure of the extent to which the event structure is not planar is 
given by aplanarity, since it gives the minimum squared m om entum  out of 
the event plane. Hence, flat events have A  =  0 .
However, the above variables are incalculable in QCD perturbation  
theory since the cancellation of collinear divergences arising from gluon 
brem strahlung cannot occur. This is because the sum in equation (1-4) is 
quadratic in particle momenta, and hence changes when one m om entum  is 
replaced by a collinear sum of m om enta ,i.e.,
Pi -» Pi +  Pbi =  Pi
Infra-red safe variables were proposed to solve this problem , and are 
essentially linear in particle m om enta, which allows the cancellation of per- 
tu rbative divergences to take place.
One such variable is th rust [15], defined as
y i® *  I
T  — m ax  —^ ^
X/1 Pj I
where p j  is the longitudinal particle m om entum  of the j th  particle relative 
to  an axis chosen to maximize y  |pj | .
The m ajor axis, e2, is perpendicular to the th rust axis, e i, and is the 
direction along which the projected energy flow in the plane perpendicular 
to  ej is a m aximum. The minor axis, £3, is chosen to be orthogonal to 
and e2.
Thus,
M ajor =  m ax  
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E  \vj ■ ^  
E h  I
Minor — m ax  —7^
E b j l
This leads to the definition of the je t m easure, oblateness as, 
oblateness =  M ajor -  Minor
The values for T  range between 0.5 for isotropic events and 1 for a 
collinear configuration, whilst the oblateness is 0 for a two-jet event.
One problem  tha t arises when using the th ru st variable, is th a t the in ­
troduction  of an arb itrary  cutoff param eter as one of the lim its of integration 
in the integral of the differential th rust distribution, leads to  a systematic 
uncertainty in the results. This is because the 0 (0:5 ) perturbative th rust 
d istribution diverges for T  —> 1.
This phenomenon is related to the singularities discussed earlier with 
the 0 (0 5 ) virtual corrections to two je t events yielding additional diver­
gences at T  =  1.
This problem  is solved by introducing a cut-off param eter T c, which 
makes the integral convergent and hence cancels the real and virtual di­
vergences. However, this solution means th a t there is no reliable O (o s) 
prediction for the th rust distribution in the region Tc < T  < 1 .
In the section of this study devoted to the determ ination of a s  , both 
infrared safe and unsafe variables will be used. This is because it has been 
found th a t at PETR A  energies the M ap variables may provide more sensi­
tive tests of je t structure.
O ther variables such as the energy energy correlation asym m etry will 
be defined in the relevant analysis chapter.
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C H A P T E R  T W O  
E X P E R IM E N T A L  STA TU S O F  Q CD
2.1 In tro d u ctio n
As m entioned earlier, hadronic m atter is thought to be composed of 
quarks, which are bound together by colour fields with gluons being the 
quan ta of the colour field. The theory of quantum  chromodynamics de­
scribes the interaction between the quarks and gluons.
The evidence for hadrons being composed of quarks comes from three 
m ain areas of study. These are the spectroscopy of hadrons, deep inelastic 
lepton scattering and e+ e-  annihilation physics. The la tte r two topics are 
discussed below, whilst a review of hadron spectroscopy can be found in the 
publication by Soding and Wolf [16].
2 .2  D eep  in elastic  lep to n  nucleon  sca tter in g
In the late 1960’s and early 1970’s, scattering experiments involving 
electrons and nucleons, such as those illustrated  in figure 1.1, where a high 
m om entum  probe strikes a nucleon, showed th a t the nucleon structure func­
tions were approxim ately scale invariant. This behaviour was evidence for 
the existence of virtually free, pointlike partons within the nucleons. Later, 
’t Hooft in terpreted  the success of the quark-parton model in describing 
these results as being a consequence of asym ptotic freedom and this led 
to the proposal of a nonabelian gauge field theory of the strong interac­
tion. Scaling is however, not expected to hold exactly in field theories of 
the strong interaction because of gluonic radiative corrections. Evidence for 
these corrections has been found in scattering experiments [17] where the 
range of m om entum  transfers has been increased to Q2 ~  200G eV 2 . Thus,
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the  theory of quantum  chromodynamics can be tested by a quantitative 
in terpreta tion  of these results.
The fact th a t exact scaling as predicted by the naive parton  model, 
does not hold was first shown in deep inelastic muon scattering experi­
m ents [18] at Fermilab. The qualitative nature of the scaling violation can 
be understood by realising tha t as Q2 increases and the probing pho ton’s 
wavelength shortens its resolving power increases. Hence, the quarks begin 
to  be resolved into systems comprising quarks plus clouds of gluons and qq 
pairs, and so the probed pro ton’s m om entum  is shared by m ore and more 
constituents as Q2 increases. Thus each constituent m ust carry a smaller 
and  smaller fraction of the hadron’s mom entum.
The QCD corrections to the basic quark parton  scaling property  have 
been calculated perturbatively by two groups [19] and lead to the prediction 
th a t the structure functions fall logarithmically w ith Q2 for large X. and rise 
for small 9C. This behaviour can be seen in figure 2.1. O ther types of scale 
breaking contributions to the structure functions are expected, which arise 
from  final state interactions between the struck quark and other partons 
w ithin the nucleus. However, these higher order twist contributions decrease 
like -^2 and cannot be calculated perturbatively.
2 ,3  e+ e~ an n ih ila tion  into hadrons
(a) The to tal cross section
A m easurem ent of the to tal cross section for e+ e~ annihilation into 
hadrons, denoted by crTOT, provides another test of QCD. In the simple 
quark parton  model, the two annihilating leptons produce a v irtual photon 
which then creates qq pairs. These then decay with unit probability into 
hadronic final states.
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F igure  2.1 : The momentum dependence of the structure functions 
in each X bin from lepton nucleon experiments [17] (a) structure function 
x F z ( x , Q2) (b) structure function F2 ( x , Q2)
It is usual to express <rTOT in term s of the ratio,
-R(e+ e~ —> hadrons) =  ~ OT — 3 V '' e2
rr 1 °u HU q
where a^  is the lowest order QED cross section for muon pair production, 
and  the sum  cq’ is over all active quark flavours.
The experim ental results for R  are shown in figure 2.2, which shows 
clearly the transitions from regions where the u ,d ,s  quarks are excited to 
the u ,d ,  s ,c  and u ,d , s ,c ,6 regions. The value of R  also shows th a t the 
num ber of colours is three and confirms the standard  charge assignments.
In the context of QCD, R  will be modified since gluon corrections need 
to be taken into account. These modify the ~f*qq vertex and the quark 
propagators, as shown in figure 1.6(b) to first order in as-  Thus, to 0 ( a 2s ) 
in QCD ,
where the quark masses are assumed to be zero. The pertu rbation  coeffi­
cients have been com puted up to second order by several groups of theorists, 
[20] w ith C\ — 1. The coefficient, C2, is dependent on the particular nor­
m alisation scheme th a t is used e.g.,
C2 = 1.99 — 0.12iV/ (m s)  scheme
C2 =  — 2.19 +  0.16iV/ (mom) scheme
(b) Observation of jets
The production of jets in e+ e-  annihilation through the process e+e~ —> 
qq was first suggested in 1970 by Bjorken and Brodsky [14]. Jets were dis­
covered experim entally at the e^e storage ring SPEAR using the MARK-II 
detector of the SLAC-LBL collaboration [21]. This was done by defining 
the je t axis using sphericity, and then showing tha t the observed hadrons
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had  a lim ited transverse momentum with respect to this je t axis. The re­
sults of this analysis are shown in figure 2.3 and indicate the first evidence 
for je t form ation in e+ e~ annihilation.
The m easurement of the angular distribution of the je t axis w ith re­
spect to  the beam  direction can also provide a test of the underlying quark 
structu re  of the je t. The distribution for the production of massless spin |  
particles is
da 0
1 +  cos 0
dcosQ
which can be applied to  e+ e~ —> qq for massless quarks. Figure 2.4 shows 
the d a ta  for the angular distribution of the sphericity axis with a fit of the 
form 1 +  a cos20 .
(c) Three je t events
During the summer of 1979, when PETRA  ran for the first time at 
a centre-of-mass energy above 27 GeV, the collaborations noticed hadronic 
events which did not consist of two back-to-back jets. These three je t events 
are explained by hard  non-collinear gluon brem strahlung e+ e-  —> qqg. An 
exam ple of such an event is shown in figure 2.5.
2.4 M o n te  C arlo  h a d ro n iz a tio n  m odels
At the present time, the production of hadrons from a parton final state 
is not calculable in QCD, and this has led to the use of phenomenological 
param eterizations of hadron production. There are, in general, two types of 
these models. The older models start with a configuration of partons, which 
has been generated by fixed order perturbation theory. Recently, fragm enta­
tion models have been introduced which use the leading-log approxim ation 
to  evolve the partons.
21
O
B
SE
R
V
E
D
 
M
EA
N 
SP
H
E
R
IC
IT
Y
•  Doto
—  Monte Carlo,  Je t  Model ,  
Fitted to Obs e r v e d  (px )
- - -  Monte Carlo,  P h a s e  S p a c e
0.38
0.36  -
0.28
0 2 3 4  5 6  7 8 9  10
( G e V )
F ig u re  2.3 : The results of the MARK-II analysis showing evidence 
for the formation of jets in e+e“ annihilation
Nu
m
be
r 
of 
ev
en
ts
0 Q5
|cos0|
F ig u re  2.4 : Angular distribution of the sphericity axis with respect 
to the beam direction of the form 1 -+ 1.04cos2©
1313131
F ig u re  2.5 : An example of a three-jet event as found in the CELLO 
detector
The three most widely used models to describe the hadronization pro­
cess are :
(1) the independent je t fragm entation model
(2) the string fragm entation model
(3) the cluster fragm entation model
The first two of the above models use fixed order QCD, whilst the th ird  
uses the leading-log approximation.
2 .4 .1  In d ep en d en t je t  m od el
This model was originally proposed by Feynman and Field [22] as a 
param eterization of hadron form ation in je ts, and takes into account two 
experim ental facts :
(1) the hadrons have a lim ited transverse m om enta w ith respect to the 
je t axis
(2) the energy distribution of the hadrons within a je t has an approx­
im ate scaling property.
H adron production in quark jets is described in this model through the 
repetition of a basic transition,
Qa -  M(QaQb) + Qb (2-1)
in which an initial quark fragments into a meson M  and a residual quark 
Qb. The creation of a (QaQb) P^ 1 &om  tlie vacuum can be thought of as 
producing this transition. Figure 2.6 shows the result of several iterations of 
the mechanism  in equation (2-1), with the production of a chain of prim ary 
hadrons and a low energy leftover quark, which is then ignored if it has a 
low enough energy.
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F ig u re  2 .6 : Illustration of quark jet hadronization in the Field- 
Feynman model
The essential characteristics of this model are now described and four 
param eters, which are determined by fits to experimental results, are in tro ­
duced.
The distribution of the transverse momentum, p p , of the quarks created 
in  this process is of the form,
da ( - p L
—  o ce z p ^  —
where crq is the transverse momentum smearing param eter and is assumed 
to  be independent of the incident quarks’ energy.
In this model, all prim ary hadrons produced in the decay chain are 
assum ed to be either vector or pseudoscalar mesons. The relative production 
ra te  is described by the ratio
B  -  N VK m  —
N v  +  N p
The flavours of the quark pairs are allowed to be (ss), (uu) or (dd) w ith (uu)  
and (dd)  having an equal production probability. The relative am ounts of 
each flavour is determ ined by the ratio
" (" 1N ( u u ) +  N( dd)  +  N ( s s )
A phenomenological function f ( Z )  is introduced to describe the fragm enta­
tion and is param eterized as
f ( Z )  =  1 -  a +  3a(l -  Z f  (2- 2)
w ith the  variable Z  being defined by
( E + p l )mc sonz  =
(E  +  p l )qa
where pL is the longitudinal mom entum of the particle.
23
The following values of the four param eters provide a reasonable fit to 
experim ental results
<rq = 320M e V  
R m  -  0.5 
R f  — 0.4 
a =  0.77
These values specify the standard  Feynman-Field independent je t model 
and  it should be noted tha t the values are assumed to  be independent of 
the in itial quarks’ energy.
Several additions and modifications to this model are needed to describe 
gluon fragm entation and heavy quark production and fragm entation. The 
Ali [23] and Hoyer [24] models are the two most popular models which 
incorporate these extensions. In these models, the gluon is split into a 
quark- antiquark pair,
G ^ Q ( Z )  + Q ( 1 - Z )  (2-3)
The quark and antiquark then fragment independently according to the 
Field-Feynm an prescription. In the Hoyer model, the energy of the gluon 
is assigned w ith equal probability to either the q or q . This has the effect 
th a t the  gluons are treated  as quarks of random  flavour.
The Ali model distributes the energy sharing in equation (2-3) accord­
ing to  the Altarelli-Parisi splitting function
—  ~  Z 2 +  (1 -  z f  
dZ  v ’
Since heavy quark production in e^e annihilation is im portan t, the Field- 
Feynm an model needs to be modified to give a good description of heavy 
quark  fragm entation, because it only contains u 7d and s production up to 
th is point.
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This has been done by replacing the fragmentation function of equation
(2-2) by the function,
in the  m ethod proposed by Peterson et al [25]. The param eter €fj in equa-
of light to heavy quark masses, i.e., e# ~  ( ^ ) 2- Typical values for this 
param eter are ec =  0.05 for charm quarks and et, =  0.018 for bottom  quarks.
There are, however, several intrinsic problems with the Field-Feynman 
param eterization, some of which are described below.
Energy is not conserved in this scheme, since the splitting algorithm of 
equation (2-1) conserves the sum (F  +  px,), but neither E  nor pl  separately. 
This leads to energy conservation being introduced in a somewhat arbitrary 
m anner. In the AH model, for example, the event is boosted and then 
rescaled in energy to restore energy conservation.
The scheme is also not Lorentz invariant, since the hadrons obtained 
by fragm enting a boosted quark are usually different from the hadrons 
th a t arise from Lorentz-boosting the products of the quark fragmentation. 
Charge, colour and flavour are not automatically conserved because of the 
soft quarks th a t remain at the ends of the decay chains. There is also the 
problem  th a t in both the Hoyer and Ali models the fragm entation is not 
continuous across the boundaries for resolvable jet configurations.
2 .4 .2  S trin g  fragm en tation  m odel
This model, which is usually called the LUND model, was first proposed 
by Andersson et al [26], and is Lorentz invariant and implicitly conserves 
energy and momentum.
M Z )  =
i
(2-4)
tion (2-4) is estim ated to be approximately equal to the square of the ratio
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In this scheme, colour force lines are arranged in narrow tubes connect- 
ing a quark to an antiquark of opposite colour, as shown schematically in 
figure 2.7. Inside these tubes the energy density per unit length is approx­
im ately  constant. This leads to the property of linear confinement since 
the  energy needed to  separate the quark- antiquark pair is proportional to 
the  distance between them. When the distance between the quark and the 
an tiquark  becomes too great the flux tube is expected to break, through the 
production  of a quark-anti quark pair. Thus, individual colourless subsys­
tem s are produced when the newly created quark and antiquark join with 
the  original quark and antiquark.
The splitting of the colour tubes continues until the invariant mass , 
M , of the rem aining qq subsystem is less than some cutoff value, Mo, which 
is typically a few GeV. This subsystem is split into two mesons through the 
generation of a quark-antiquark pair if M  < Mo.
A potential problem  with this picture is that the string hadronization 
scheme is not symmetric, i.e., a different result is obtained by starting the 
sp litting  process from the quark end than by proceeding in  the opposite 
direction from the antiquark. However, in practice the LUND Monte Carlo 
produces a hadron at either the quark or antiquark end in a random  manner.
In order to produce transverse momenta and to conserve energy in the 
to ta l system the qq pair is formed over some finite length of the confining 
string and not at a point.
The probability of producing a massive qq pair in this model is assumed 
to  be
^ r -  ~  exv(—cm%) 
dp2T ^
where rn‘,j. =  m 2 +  and c is a constant.
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QED FIELD LINES
QCD FIELD LINES (?)
F ig u re  2.7 : A schematic representation of field lines between opposite 
charges in QED and QCD
This model uses a fragmentation function of the form
f(>7 \ _  f1 ~ Z )a ( ~bm 2T J (4)  -  ----   exp(— g  )
w ith the constants <z, b having the values 1 and 0.6 G eV ~ 2 respectively.
In order to describe events with a hard perturbative gluon this pic­
tu re  needs to be modified. Thus, in an e~*~e~ —> qqg event, the quark and 
antiquark  are associated with the endpoints of the string and the gluon is 
represented as a kink on the string, which can carry energy and momentum. 
In  an event of this type, the string is stretched from the quark to the anti­
quark via the gluon as shown in figure 2.8. This means tha t after fragmen­
ta tion , the particles will lie along two hyperbolae as indicated schematically 
in figure 2.9. An im portant feature of the string model is th a t, unlike the 
independent jet model, the fragmentation of a qqg event approaches th a t of 
a  qq event in a continuous fashion as the qg or qg invariant mass becomes 
smaller.
In summary, the basic conceptual difference between this model and 
the independent je t model is that instead of hadrons occurring from the 
independent fragm entation of isolated quarks they are created as a result 
of the interaction between a quark and an antiquark through a confining 
colour field.
2 .4 .3  C lu ster fragm entation  m odels
In these models, hadronization is described through the production and 
then decay of massive colourless objects called clusters. However, unlike the 
LUND string fragm entation scheme these cluster models do not require frag­
m entation functions. Hadron production from the decay of a collection of 
massive, colourless clusters is achieved through the use of a simple statistical 
phase space param eterization. This approach is based largely on the
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F ig u re  2.8 : The identification of a gluon with a kink in the string 
and the subsequent hadronization
SYMMETRIC PARTON CONFIGURATION
G
q q
HADRONIZATION
INDEPENDENT 
FRAGMENTATION
F ig u re  2.9 : The topologies for three-jet events expected in the inde­
pendent fragmentation and LUND schemes
LUND
PICTURE
principle th a t colour separations m ust be screened before hadrons form . 
O ne exam ple of a colour screening process is the rad ia tion  of a large num ­
ber of p ertu rba tive  gluons, which could produce a collection of low m ass 
colourless clusters.
Field and W olfram  [27] proposed the  first cluster m odel, which de­
scribed the  process e~*~e“ —> hadrons  in th ree stages :
(1) A quark gluon shower is produced th a t conforms to  leading-log 
pertu rb a tiv e  QCD
(2) C lusters are form ed th rough  colour strings, which are associated 
w ith the in itia l shower
(3) Each cluster is hadronized independently  using a  simple phase 
space form ula
A schem atic representation  of the  s truc tu re  of th is m odel is given in  
figure 2 .10.
A cluster decay in to  two p rim ary  hadrons H i and H 2 ,
C  -> +  H 2 (2-5)
has a probability  given by the  p roduct of th ree  term s; a phase space te rm  
dependent on the cluster and hadron  masses; a sta tistical factor based on 
th e  final s ta te  spins; and  a flavour factor.
This cluster m odel has several problem s, am ong which are a poor de­
scrip tion  of low m ass hadronization and a large sensitivity to  the  trea tm en t 
of soft gluons in th e  p ertu rba tive  shower form ation.
T he W ebber cluster model [28] tries to  solve the la tte r  problem  by 
including soft p e rtu rb a tiv e  singularities, associated w ith low energy gluon 
em ission, in the shower formalism.
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HADRONS ha d ro n s  HAPRONS h a d r o n s
F  o  o  y
e~
F ig u re  2.10 : The structure of the Field-Wolfram model, with the 
dashed lines indicating the strings
In  th e  m odel of G ottschalk et al [29], the problem  of describing low 
energy hadron ization  has been investigated by m odifying equation (2-5) to 
allow th e  p roduction  of sublusters,C ;,
C  -> +  C 2
T his m odification leads to  a b e tte r  param eterization  of the low energy data .
I t should be no ted  th a t cluster models based on the  leading log ap ­
p rox im ation  do not contain  the  correct cross section for wide angle gluon 
rad ia tio n . This has th e  resu lt th a t the  th ree je t event ra te  is wrong e.g., for 
th e  W ebber m odel th is ra te  is half the  observed experim ental value.
2 .5  C o m p a r iso n  o f  h a d r o n iz a tio n  m o d e ls
T he th ree  types of fragm entation  model m entioned earlier have been 
extensively tested  against the  experim ental data . In particu lar, the d istri­
bu tio n  of particles in three-jet events has been used for th is purpose.
T he first com parison between th e  LUND string  fragm entation model 
and  th e  independent fragm entation  m odel was m ade by th e  JA D E collab­
o ra tion  [30]. They selected p lanar three-jet events and th en  ordered the 
je ts  such th a t the  first je t was opposite the  sm allest angle between the 
je t d irections, and  the  th ird  je t opposite the  largest angle. It was found 
th a t th e  partic le  densities in the  angular gaps betw een the je ts  were b e tte r 
reproduced  by the  LUND m odel. This finding was la te r confirmed in  an ex­
tended  analysis [31] using com plete energy and  partic le  flow distributions. 
T he characteristic  differences between the two fragm entation  schemes can 
be seen clearly in the  d istribu tions of figure 2.11.
T he conclusion th a t the independent fragm entation  model does not 
provide a good description of the d a ta  has also been reached by the TPC  
collaboration  [32]. In  addition , they verified th a t the  discrepancies between
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F ig u re  2 .11  : The results of the JA D E analysis comparing the LUND 
model and the independent je t fragm entation model w ith the data
th e  d a ta  and the independen t fragm entation m odel were no t a peculiarity  
of a particu la r m odel, by studying models w ith  different energy-m om entum  
conservation schemes. T he results were also found not to  be dependent on 
th e  tun ing  of the param eters  used in the m odel. Thus th e  failure of the  
independent fragm entation  m odel to  describe the  absolute th ree  je t partic le  
density  is a fundam ental characteristic  of the  model.
Recently, the  TASSO collaboration [33] has found th e  sam e effect as 
JA D E  and T P C .
T he cluster fragm entation  m odel of W ebber has also been investigated 
by b o th  JA D E  [34] and  T P C  [35]. As has been m entioned earlier, the  
W ebber m odel does not reproduce in detail the  experim ental d a ta  and  in  
p articu la r predicts fewer events w ith  a th ree-jet s tru c tu re  th a n  is observed. 
Hence, th is m odel does not accurately  describe the  absolute particle densi­
ties between je ts  b u t, however, correctly predicts the  ratios of these densi­
ties. This can be seen from  figure 2 .12, which shows the resu lt of the  JA D E  
analysis.
2 .6  P r e v io u s  d e te r m in a tio n s  o f  qg
T he general m ethod  th a t is used to determ ine a s  is to  find an  event 
m easure which is sensitive to  the  p roduction  of gluons and  then  to  fit a 
m onte carlo to  th is, using a s  as one of the in p u t param eters.
Initially, sensitive event m easures could be divided in to  event shape 
m easures and cluster techniques. The event shape m easures were sensitive 
to  the  contribution  of th ree je t events to the to ta l cross-section and  include 
such variables as th ru s t and sphericity, which are defined in  chapter 1. The 
cluster technique was designed to  calculate directly  the  ra tio  of three je t 
events to  two je t events and hence determ ine 0 5 .
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F ig u re  2 .12  : The results of the JADE analysis com paring two cluster 
models with the data
T here are several different m ethods of perform ing a cluster analysis 
b u t the  one described here is the cluster search m ethod  of D aum  et al [36], 
which is used by the  P E T R A  experim ents. Particles are first grouped in to  
clusters, w ith  a half-cone angle of typically ~  30° , w hich are then  ordered 
according to  the ir energies. Low energy clusters are then  grouped  together 
and  rem oved if the ir to ta l energy is less th a n  five percent of W , th e  centre of 
m ass energy. T he rem aining clusters are kept only if th e ir energy is greater 
th a n  some cut-off energy, which is usually  ~  2 GeV.
T he first determ inations of a s  from  e+ e-  annihilation [37] were carried 
out in  1979/1980 and were based on a sam ple of approxim ately  one thousand  
m ultihadrons per experim ent a t a centre of mass energy of W  =  30 GeV. 
T he resu lts  of these analyses are shown in  tab le  2 .1, which gives an average 
value a t W  =  30 GeV of
o s  =  0.19 ± 0 .0 2  ± 0 .0 3  in  0 ( a s )
a s  =  0.17 ±  0.02 ±  0.03 in  (incom plete) 0 ( a 2s )
It should be noted  th a t all these analyses used the independent je t m odel 
to  describe th e  hadronization  and either QCD form ulae to  leading order or 
th e  incom plete 0 { a 2s ) form ulae based only on the four p a rto n  B orn term s.
T he first collaboration to  investigate the sensitivity of th e  values of 
a s  to  th e  hadron ization  scheme used was the CELLO group [38] in 1983. 
T he s tudy  was based on ~  3000 hadronic events w ith the  p a rto n  level cross 
section being calculated in first order QCD. The results of th is study  are 
shown in  tab le  2.2 and indicate th a t the  value of a s  is dependent on the 
fragm entation  scheme involved.
However, the  JA D E  group [39] using a sam ple of ~  4800 hadronic 
events found the  value of a s  to  be independent, w ithin errors, o f the frag­
m en tation  m odel used.
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Group QCD model QCD correction oCs
MARK J AH incomplete 0  t d f ) 0.21 * 0.02 i  0.04
TASSO Hoyer 0  C O 0.191 0.02 - 0.03
AH incomplete 0  (^ s ) 0.17 ± 0.02 t  0.03
JADE Hoyer o w 0.18 t  0.03 1 0.03
PLUTO Hoyer 0  Cots') 0.15- 0.031 0.02
T ab le  2 .1  : Early determ inations of a s  from the PETRA experiments. 
The first error is statistical, the second systematic
TYPE OF FRAGMENTATION
Distribution fitted independent
<*.5
string
fraction of events w ith S > o.zs, * <o\ 
fraction of events w ith 0 > 0-2- 
three cluster events 
parton thrust X,
0.19 * 0.03 
0.19 1 0.02 
0.145 ? 0.02 
0.155 1 0.015
0.28 ± 0.045 
0.26 i  0.04 
0.235 * 0.025 
0.235 t  0.025
T a b le  2 .2  : D eterm ination  of a s  to  leading order by the CELLO 
collaboration . The errors quoted above are sta tistica l in na tu re .
Note:- T he m ethod  of D aum  et al. was used for the cluster analysis. 
T he p a rto n  tjiru s t x  is defined as the norm alised energy of the m ost energetic 
p a rto n , i.e., x\  =
They found,
cks =  0.20 ± 0 .0 1 5  ± 0 .0 3  in  0 ( a s ) 
a s  =  0.16 ± 0 .015  ± 0 .0 3  in 0 ( a 2s )
T he values of a s  found by these two groups are ju s t com patible, w ithin  
errors.
In  1984 the  TASSO collaboration [33] published the resu lts  of an ex­
tensive investigation in to  the question of the  fragm entation  m odel depen­
dence. The analysis was based on ~  16,000 hadronic events and  the value 
of a s  was determ ined  to  bo th  O ( a s )  and O ( o 2s ) . The procedure th a t was 
followed was to  use the  published experim ental inclusive cross sections on 
7T+, 7T°, K + , I f 0, p ° , AT*, D *+ , p, A andS " production  to determ ine the  vari­
ous fragm entation  param eters th a t occur w ithin th e  fragm entation  models. 
A sim ultaneous fit of a 5 and these fragm entation  param eters  was then  per­
form ed. The resu lts suppo rt the view th a t the  value of a s  is dependent on 
th e  fragm entation  m odel. The average values from  this analysis a t W  =  34 
GeV are
0 :5  =  0 .1 6 ±  0.015 for independent fragm entation  
 ^ a s  =  0.21 ±  0.015 for string  fragm entation
Energy-energy correlations and the ir re la ted  asym m etry  have also been 
used to  determ ine th e  value of as-  T he first two groups to  use th is m ethod 
of determ ining a s  at a W  of 34 GeV were CELLO [40] and M A R K -J [41], 
the  results of which are shown in tab le  2.3.
The CELLO collaboration found th a t the ir value of 0 :5  depended strongly 
on the  fragm entation  m odel used in the M onte Carlo, w hereas the  M A RK -J 
group only found a weak dependence of a s  upon the  fragm entation  model.
T he findings of the  CELLO collaboration were la te r confirmed by the 
JA D E  group [42] as can be seen from  tab le  2.3. The variation in  the value
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TYPE OF FRAGMENTATION
*5 c<s
GROUP independent string
CELLO 0.12 * 0.02 0.19 * 0.02
MARK J 0.12 i  0.01 0.14 * 0.01
JADE 0.10-♦0.15 0.165 1 0.01 i  0.01
It should be noted  in the above tab le  th a t the trea tm en t of errors is 
different in  each case. The CELLO analysis only took sta tis tica l errors in to  
account, w hilst the M A R K -J group added  their system atic an d  sta tistica l 
errors in q u ad ra tu re . The JA D E  result is quoted w ith  bo th  a  system atic 
and a s ta tis tica l error.
T a b le  2 .3  : D eterm ination  of a s  using the energy-energy correlation  
asym m etry
of a s  found by the  JA D E  group when using the independent fragm entation  
m odels depended on the trea tm en t of energy and  m om entum  conservation 
and  of the  gluon sp litting .
In  a recent analysis, the  M ARK-J group [43] ob ta ined  the  value
o s  =  0.12 ± 0 .0 2
a t a centre of mass energy of 44 GeV. This value is an average of the  string  
and  independent fragm entation  models.
T he sensitivity of the  determ ination  of 0:5 to  the  fragm entation  m odel 
has recently  been investigated  by S jostrand [44]. He confirmed the  findings 
of th e  CELLO and  TASSO analyses and suggested th ree reasons why the 
value of a s  depended on th e  fragm entation m odel :
(1) the  m ethods used to  correct for the  non-conservation of energy and
m om entum  which occurs in the independent je t models
(2 ) the  procedure for fragm enting the gluons in to  hadrons
(3) the im plem entations of the QCD m atrix  elem ent w ith particu la r
regard  to  the  p a rto n  resolvability criteria.
He found th a t the  values of a s  ob tained  by fitting  given d a ta  to  the 
string  m odel were system atically  40% higher th a n  the  values obtained  using 
independent je t models.
This result can be understood  qualitatively in term s of the different 
ways each model has of trea tin g  gluon fragm entation. In  the independent 
je t m odels the m om entum  vectors of the  je ts  reproduce, on average, the 
directions of the p rim ary  partons. This is not the  case in  the  string model 
w here the  directions of the final hadron  je ts  differ system atically  from  those 
of th e  original partons. The result of this is th a t th e  string scheme makes 
qqg events look m ore like two je t events since the  particles lie along two
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hyperbolae. Hence, the  value of a s  in the string m odel needs to  be higher 
to  account for th e  observed num ber of three-jet events.
Therefore, it can be seen th a t all the  previous determ inations of a s  are 
subject to  large system atic errors as a result of the wide range of possible 
fragm entation  models. The approach of this study will be to  try  to  elim inate 
th is uncerta in ty  by concentrating on the LUND string m odel. The reasons 
for th is choice were given earlier in  section 2.5. Thus, event shape m easures 
and  th e  energy energy correlation asym m etry  will be used to  determ ine a s  
by fitting  th e  LUND m onte carlo to  the  corrected da ta . This analysis is 
p resen ted  in  chap ter 6 .
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C H A P T E R  T H R E E  
T H E  C E L L O  D E T E C T O R
3 .1  In tr o d u c t io n
T he CELLO detecto r [45], a schem atic d iagram  of which is shown in 
figure 3.1, has been operating  a t P E T R A  since M arch 1980 w ith  a break 
betw een A ugust 1981 and  A ugust 1982, w hen the  PLU TO  detector occu­
pied the  N .E. hall. A short description of the  P E T R A  accelerator is now 
given, and  then  the  essential details of the  CELLO detecto r’s operation are 
presented .
3.2 P E T R A
T he accelerator P E T R A  which is s itua ted  in  DESY in H am burg, W .German} 
began producing  collisions between electrons and  positrons in Septem ber 
1978. T he basic s tru c tu re  of P E T R A , as shown in figure 3.2, is th a t of 
eight s tra igh t sections and  eight curved sections. The 2.3 km  long pipe 
is evacuated to  5 X 10-9 Torr. H alf of the  stra igh t sections are long, to 
house r f  accelerating cavities, while the  experim ents are s itu a ted  in the re­
m aining four short s tra igh t sections. The identical curved sections contain 
quadrupole m agnets, sextupole m agnets and  5.5 m eter bending m agnets 
w ith  a bending rad ius of 192 m eters.
P roduction  of positrons is achieved by directing electrons from  a linear 
accelerator onto a ta rg e t. These positrons are then  accum ulated  in the small 
storage ring PIA  (P ositron  In tensity  A ccum ulator) and from  there are fed 
in to  a larger storage ring DESY. Electrons are also injected in to  DESY from  
a linear accelerator (LINAC 1). DESY then  accelerates the  electrons and 
positrons to  an energy of 6.5 GeV before they  are transferred  to  PE T R A .
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W hen the  bunches of electrons and positrons are m ade to collide, head-on at 
th e  four experim ents, they  have been accelerated by th e  cavities in P E T R A  
to  an  energy of around 20 GeV.
T he event ra te  for a specific process can be calculated from  the  known 
cross-section, cr, and the lum inosity, L , using the following form ula;
event ra te  = a ■ L
A n in teg rated  lum inosity  of 200 nb -1 per day was achieved a t a beam  energy 
of 22 GeV. The to ta l in teg rated  lum inosity  used in  th is sam ple was 30 pfe- 1 . 
T he m in i-beta  scheme, which was installed  in  M arch 1981, led to  a gain in 
lum inosity  by a factor of th ree by reducing the space between the  final fo­
cussing elements. This is achieved by rem oving the  com pensating m agnets, 
w hich were though t to  be necessary for solenoidal detectors, and using the  
th ree  solenoidal detectors CELLO, JA D E  and TASSO to  com pensate each 
o ther.
3.3 T he CELLO detector
T he analysis of high energy e+ e~ collisions necessitates the  detection of 
m ost of the leptons and  hadrons produced in  the  in teraction . This has led to  
CELLO having a large solid angle coverage and being optim ized for electron 
and  pho ton  detection a t the  expense of extensive particle identification. The 
m ain  features of the  detector are now outlined, w ith the details of each 
detecto r com ponent being presented in  the  subsequent sections.
The m om entum  of charged particles is m easured over a  solid angle of 
97 % of 4 7r sterad ians by a central tracking detector, which is enclosed 
in  a  superconducting solenoidal m agnet of 1.3 T , and  by a set of p lanar 
end  cap drift cham bers. A set of barre l and  end cap lead liquid argon 
calorim eters outside the  m agnet coil allows the  m easurem ent of the energy
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of photons and  th e  identification of electrons over a solid angle of 96 % of 
4 7r sterad ians. T he iron  re tu rn  yoke of the m agnet acts as a hadron  filter 
beh ind  which m uons are detected  in  p lanar p roportional wire cham bers 
w ith  a solid angle coverage of 92 % of 4 7r steradians. T he angular range 
from  50 m rad  to  100 m rad  w ith  respect to the beam  axis is covered by 
forw ard detectors which are used to  tag  electrons in two pho ton  collisions 
and  to  m easure lum inosity. Table 3.1 shows the im p o rtan t param eters of 
the  various detector com ponents.
3.4 Superconducting  solenoid
T he superconducting  solenoid [46] is m  long and  produces an axial 
field of 1.316 Tesla. T he high cu rren t density superconducting coil of novel 
design has a wall thickness of only half a rad ia tion  length , including the 
cryostat and  insu la ting  m ateria l. This m eans th a t the  detection of electrons 
and  pho tons in th e  electrom agnetic calorim eters is no t seriously im paired.
3.5 C entral tracking  detecto r
T he central detecto r [47] consists of five cylindrical p roportional wire 
cham bers arranged  w ith  seven drift cham bers [48] concentrically around 
th e  beam  axis w ith  two layers of beam pipe counters [49] to  aid the vertex 
reconstruc tion  (see figure 3.3). The detection of charged particles and a 
m easurem ent of the ir m om entum  over a wide solid angle is possible. If at 
least 8 wire layers are used, then  a solid angle coverage of 91 % of 4 7T 
sterad ians can be achieved using the  central tracking detector. The layer 
s tru c tu re  of the  central tracking  detector is shown in  tab le  3.2.
T he five p roportional cham bers each have axial anode wires and two 
cylindrical cathodes w hich are finely segm ented in  strips oriented a t 90°
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Detector
Component
Constituent
Parts
Solid
Angular
Coverage
Theta
Range
Typical
Dimensions
Properties 
and Resolutions 
(t>T £  in GeV)
Central
Solenoid
— — — length=4m
radius=0.8m
superconducting, 
strength=lJ16 T 
thickness=0.49 X°
Tracking
Device
5 CPWC 
7 CDC 
2 BPC 
4 ECPWC
99% 8° <&c 90° length=2.2m
radius=17-70cm
radius=21-66cm
1.3% h
Pr
CTp = 3mradsin 
d, = 2 mrad
Electro­
magnetic
Calorimeter
16 LLACC 
4 LLAEC
93% 30°<&< 90° 
8° <&< 22°
length=2m
depth=43cm
width=85-121cm
CT& = 6mrad 
= 4mrad
Muon
Chambers
30 MUCH 92% — surface area 
7m —►12m1
O' = 6mm
Forward
Detector
40 LGB 
48 SC
0.4% 50<9<100 . 11
Hole
Tagger
34 LSS 6% 21° <&< 30° - k E  65%  
E r r
KEY
CPWC Central Proportional Wire Chambers
CDC Central Drift Chambers
BPC Beam Pipe Chambers
ECPWC End Cap Proportional Wire Chambers
LLACC Lead Liquid Argon Central Calorimeter Modules
LLAEC Lead Liquid Argon End Cap Modulues
MUCH Muon Chambers
LGB Lead Glass Blocks
SC Scintillators
LSS Lead Scintillator Sandwiches
T ab le  3.1 : Properties of the CELLO detector
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Layer
Number
Chamber
Type
Radius
(cm)
Number of 
Anode wires, 
Drift Cells
Wire spacing, 
Drift cell width 
(mm)
Number of 
Cathodes 
30 90
1 BPC 10.9 128 5.35
2 BPC 11.4 128 5.35 - -
3 CPWC 17.0 512 2.09 256 252
4 CPWC 21.0 512 2.58 256 228
5 CDC 25.5 104 15.41 - -
6 CDC 30.4 128 14.92 - -
7 CPWC 35.7 1024 2.19 512 366
8 CDC 40.2 168 15.03 - -
9 CDC 45.1 192 14.76 - -
10 CDC 50.0 208 15.10 - -
11 CPWC 55.3 1536 2.26 768 420
12 CDC 59.8 256 14.68 - -
13 CDC 64.7 256 15.88 - -
14 CPWC 70.0 1536 2.86 768 494
T a b le  3 .2  : Layer structure of central tracking detector
and  30° w ith  respect to  the anodes. These cathode strip s have analog 
readouts and give a very accurate Z determ ination . The charge correlation 
betw een the  90° and  30° cathode strips is used to separate  overlapping 
cathode clusters from  different tracks. All cham bers have a wire leng th  of
2.2 m  w ith  the  anode wire layers being situa ted  a t radii betw een 17 and 
70 cm thus giving a visible radial track  length  of 53 cm. T here are 5120 
anode wires each of d iam eter 20 f im  w ith  the anode wire spacing varying 
betw een 2.09 and  2.86 m m . The precision of the position determ ination  in 
th e  longitudinal d irection is on average cr(z) =440 /xm, w hilst the  spatial 
resolution averaged over all cham bers is <r(r0)=O.24 x wire spacing.
The drift cham bers enable a precise position m easurem ent to  be m ade 
in  the  plane of m agnetic deflection (the ref) p lane). The num ber of po ten tial 
wires has been m inim ised by adopting  an  entirely open drift cell s tructu re . 
A trip le t of copper-beryllium  po ten tia l wires separate adjacent gold p la ted  
tu ngsten  sense wires electrostatically  as can be seen from  figure 3.4. In 
o rder to  keep m ultip le Coulom b scattering  as low as possible no fu ther field 
shaping electrodes were used. The required  resolution of close tracks w ithin 
je t events, w hich have a high local track  density, led to  sm all cell w idths of 
abou t 15mm being used.
The electronics em ployed is of the  single h it variety w ith  an amplifier 
/  d iscrim inato r hybrid  m ounted on th e  cham ber, a TD C consisting of a 
low noise sam ple and  hold am plifier and  an 8-bit ADC which digitizes a 
m axim um  tim e in terval of 810 ns. T he cham bers are filled w ith  a gas m ixture 
of 90 % A rgon and  10 % M ethane.
System atic uncertain ties such as w ire displacem ent due to  gravitational 
and  electrom agnetic forces, alignm ent errors and  the quantization  of tim e 
d igitization (3.2ns) dom inate  the  spa tia l accuracy of th e  cham bers.
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15 mnrl
SW:20p W(Au plated)  
PW :100 p Cu Be 
CW : 50p CuBe
F ig u re  3 .4  : (a) Drift cell geometry and (b) electric field distribution 
inside a  drift cell
3.6 E nd  cap proportional wire cham bers
T he CELLO detector has end cap m ultiw ire p roportional cham bers 
placed at the ends of the  cylindrical p a rt of the  central tracking detector. 
These cham bers cover th e  acceptance region of 153 <  0 <  428 m rad. Four 
identical p lanar un its, w hich are sem icircular in shape, m ake up this system . 
Two electrostatically  separated  cham bers which are glued together a t two 
of th e ir cathode planes form  each unit. One cham ber of each un it m easures 
the  y  coordinate, w ith  wires parallel to the  x axis, w hilst the other cham ber 
m easures the  x coordinate. One of the cathode planes of each cham ber is 
divided in to  concentric rings about the  beam  pipe whereas the other cathode 
plane of each cham ber is divided in to  sectors in (f> of equal size ^§ |-. The 
un its  are m ounted on the  front of the liquid argon end cap cryostats so th a t 
they  form  a circular disk perpendicular to  the  beam  axis.
3.7 Lead liquid argon calorim eter
A barre l shaped lead liquid argon calorim eter [50] together w ith end 
cap calorim eters provides good electron-hadron separation  and a good de­
tection  efficiency for low energy photons over 96 % of the  solid angle. The 
central calorim eter consists of 16 stacks which have a trapezoidal cross sec­
tion corresponding to  a sector of an octagon. The stacks have a length  of 
2m, a d ep th  of 43 cm and  a w idth  which varies from  85cm in  the first layer 
to  121 cm in the last. T he construction of the  stacks is shown in figure 3.5. 
C ontinuous lead pla tes, which are 1.2mm thick, a lternate  w ith  lead strips of 
equal thickness w ith  a liquid argon gap of 3.6mm. The strips are m aintained 
a t a positive high voltage relative to  the p lates, and are oriented in three 
directions. There are thus strips at 0° to the  beam  axis, which m easure phi; 
strips a t 90° which m easure th e ta  and diagonal strips a t 45°. The w idth
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w i t h  t r ig g e r  c o n f i g u r a t i o n B E  A ^  CR OS S
1 6  m m  A r
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F ig u r e  3 .5  : Construction of the lead liquid argon calorimeter
of the  strips w hich are oriented at 0° and 90° w ith respect to  the  beam  
axis, is 2.3 cm w hereas the 45° strips are 3.25 cm wide. Two ex tra  layers, 
consisting of copper foils glued on epoxy p lates w ith  an  argon gap w id th  
of 6 m m , serve as gaps at the  front of each stack. T he lead m odules 
are m ainly suppo rted  from  the rear to  avoid s tru c tu ra l m ateria l in  front of 
th e  calorim eter and  to  minimize gaps between adjacent stacks. T hus, the 
overall dead area  of the  stacks is kept to  less th a n  3.5 % of th e  to ta l solid 
angle covered.
The num ber of electronic channels per stack is 576 and  these are dis­
tr ib u ted  betw een the  th ree strip  orien tations as shown in tab le  3.3. Each 
stack is divided in to  seven layers which m eans th a t seven independent sam ­
plings in dep th  can be taken.
The end cap calorim eter consists of 42 layers of lead strips of thickness
1.2 m m  in terspersed  w ith  full p lates of an identical thickness w ith  an argon 
gap of 4 mm . T hree planes of copper foils glued on epoxy in front of the 
lead  calorim eter are used for ^  m easurem ent.
The analog signals from  the 10688 electronic channels are processed by 
pream plifiers directly  attached  to  the  cryostat. The signals are tran sm itted  
to  the  m ain am plifiers and  then digitized in  a sam ple-and- hold circuit and  a 
com parator. T he final signals are organised on a readout card  where chan­
nels w ith  signals below a certain  noise level can be suppressed. M inim um  
ionising particles can be safely detected  since they deposit a charge which 
is approxim ately  four tim es higher th a n  the  noise level.
3.8 M uon detector
The detection of m uons is achieved using a hadronic filter and large 
p roportional cham bers [51] covering 92 % of the  solid angle placed on the
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Layer
Number
Number of Electronic Channels 
0° 45° 90°
Total Number 
of Channels
Thickness
0 0
1 32 48 80 0.5
2 32 40 64 136 2.5
3 32 48 56 136 1.5
4 16 - 24 40 2.0
5 16 48 24 88 4.5
6 16 12 12 40 5.5
7 32 12 12 56 4.5
Total 176 160 240 576 21.0
T ab le  3 .3  : D istribution of electronic channels in one module of the 
central calorimeter
outside of the  detector. The iron re tu rn  yoke of the  m agnet, which is 80 
cm thick, is used as a hadronic filter and represents 5-8 absorp tion  lengths 
for the  hadrons. M ultiple scattering of the m uons in  th e  lead liquid argon 
calorim eter and  in the  iron  filter m eans th a t a higher precision th a n  ±  9mm 
serves no useful purpose. The cham bers have a drift cell s tru c tu re  bu t are 
read  out as p roportional cham bers. The construction  of th e  cham bers is 
shown in figures 3.6 and 3.7.
Each cham ber has a sense wire p lane betw een two cathode strip  planes 
w ith  a gap of 8 m m . The wire plane consists of drift cells which have a 
20 m icron sense wire placed 6 m m  from  two 100 m icron field wires. The 
cathode strips, which have a w idth  of 10.6 m m  and  a separation  of 2 m m  are 
com posed of flexible p rin ted  circuit (35 m icrons of copper on a 75 m icron 
m ylar sheet). T he strips are glued onto a honeycom b s tru c tu re  which is 
6 c m  thick. T he angle between the  anode wires and the cathode strips is 
34° 16'. The two cathode strip  planes and the anode wires m ake it possible to  
reconstruc t a h it in  the  cham ber w ithout any am biguity. This arrangem ent 
gives a precision of 6 m m  in the m easurem ent of the  position of an incident 
particle , w hich is less th a n  the  spread of a few centim etres caused by the 
iron  filter.,
3.9 Forw ard detecto r
This detecto r [52] is used to identify and m easure electrons travelling 
at sm all angles w ith  respect to  the beam  axis and  thus to  m onito r the  lu ­
m inosity based on b h ab h a  events and  to  help analyse two photon  events. 
Small drift cham bers, scintillators and lead glass blocks com prise the  detec­
to r which has to  to lera te  a high background from  synchroton rad ia tion  and 
beam  gas in teractions.
S itua ted  nearest to  the  in teraction  point are th ree  groups of two p lanar
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drift cham bers, w ith large scintillators covering the first and th ird  group and 
two planes of finger scintillators in the  m iddle group. B ehind the  arrange­
m ent of drift cham bers is a lead glass shower counter which has 3 vertical, 
3 horizontal and  4 longitudinal blocks of thickness 3, 3 and  14 rad ia tion  
lenghts respectively. The energy resolution of the lead glass calorim eter is
<t(E)  _  0.05 
E ~  y/E
w ith  E  in  GeV, and  the  spatia l resolution of th e  drift cham bers is 300 fim. 
T he detecto r covers the  polar angular range from  50 to  100 m rad .
3.10 T he trigger
T he trigger system  [53] is used to  keep the  d a ta  acquisition ra te  at a low 
enough level for the  com puters to m anage, by distinguishing the in teresting  
events from  noise caused by synchrotron rad ia tion  and beam  gas and beam  
wall in teractions. C harged particle triggers from  the tracking device and  
energy triggers from  th e  lead liquid argon calorim eters and  the  forw ard 
detecto r lead glass counters m ake up  th e  system . Various com binations of 
these triggers can be chosen using an online com puter.
3.10.1 C harged partic le  trigger
This device is a  software program m able hardw are track finding proces­
sor which acts in  less th a n  1.5 fis on the  cham ber signals after each bunch 
crossing. It uses inform ation  from  the anodes and  90° cathodes of the p ro­
portional cham bers and  from  two of the drift cham bers. This inform ation is 
grouped  in  64 azim uthal (r</>) and 37 po lar (rz)  sectors which allows masks 
of various sector com binations to  be defined. The m asks are chosen so th a t 
curved charged tracks (in the ref) p ro jection) have to  have a transverse m o­
m en tum  of m ore th a n  350 M eV/ c and stra igh t tracks (in the rz  projection)
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are found close to  the  in teraction  point. Possible cham ber inefficiencies can 
be avoided by using different m asks which require five, six or seven cham bers 
ou t of a  possible seven to  be fired. The trigger condition th a t  was usually  
used for charged tracks was r<j> (>  2 sectors)- rz  (>  1 sector). A nother 
condition which is less stringent on the central detector is r<f> (>  1 sector)- 
rz  (>  1 sector), and  is used for com bined triggers w ith the  liquid argon and  
forw ard detector
3.10.2 N eutral particle trigger
Inform ation on the energy deposition in  the  cylindrical or end cap liquid 
argon m odules is utilised by th is trigger. T hree energy sum s are m ade for 
each m odule (see tab le 3.4) :-
sum A  this covers the  region between 1 - 1 7  X °  and is essentially a sum  
of the  calorim eter energy.
su m 5  th is covers the region between 3 . 5 - 7  X °  and  m easures the  elec­
trom agnetic energy at the position of its  m axim um .
sum C  this covers the  region between 1 - 7  X ° and m easures the  electro- 
*
m agnetic energy w ith  different electronic channels from  those used 
in  sumJ5.
From  these three sums four d iscrim inator thresholds are formed. : S A L  
(sum A , low threshold), S A H  (sum A, high threshold), S B  and  S C .  O ut of 
these logical signals the following triggers are form ed :-
XA1 a one m odule trigger.
L A 2  two modules which are non-adjacent in <f).
LAZ  one m odule as coincidence w ith o ther triggers such as r<f>(l) - r z ( l ) .
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Layer
Number
Orientations used for trigger sums 
sum A sum B sum C
1 _ __
2 32 0 ° - 32 0°
3 - 32 0 - -
4 16 0D 24 90° 16 0°
5 16 0 ° - -
6 16 0° - -
7 - - -
Total 80 56 48
T a b le  3.4 : Electronic channels used to calculate trigger sums
This liquid argon calorim eter trigger allows a precise m easurem ent of 
B habha scattering  (w ithout using any track  inform ation) and  gam m a pair 
p roduction . *; ' L" . . .....
3.11 Hole tagger
This is a device [54] which is designed to  cover th e  gap in  acceptance 
of the  lead liquid argon calorim eter betw een the  central region and the  
end caps. It consists of 2 cm of lead sandw iched between two 1 cm thick 
scintillators.
44
C H A P T E R  F O U R  
D A T A  A C Q U IS IT IO N  A N D  E V E N T  S E L E C T IO N
4 .1  I n tr o d u c t io n
In  e+ e~ ann ih ila tion  experim ents, m any background events occur in 
add ition  to  the  in teresting  physics events. These background events can 
orig inate  from  several processes, such as the  in teraction  of the  electron or 
positron  w ith  a residual gas molecule in  the vacuum  pipe (called a beam  gas 
event) or the  in teraction  of one of the  beam s w ith the  m ateria l of the beam  
pipe wall (called a beam  wall event). Spurious events can also be caused by 
cosmic rays passing th rough  the  detector and  in teracting  w ith  the  residual 
gas in  the  beam  pipe. Electronic noise generated by some of th e  various 
pre-am plifiers and  am plifiers can cause detector com ponents to trigger p re­
m atu re ly  and  so p roduce events th a t need not be fu rther analysed. The 
online d a ta  acquisition system  and  the  offline filter program s are designed 
to  separate  the  background processes from  the events th a t originate from  
th e  fundam ental forces under study.
This selection p rocedure, from  th e  in itia l d a ta  acquisition to  the  final 
sam ple of events, is now described. The m ain features of the  d a ta  acquisition 
system  are shown in  figure 4.1.
4 .2  D a ta  a c q u is it io n  s y s te m
The detected  signals from  the different com ponents of th e  detector are 
read  by a CAM AC [55] system  and several dedicated com puters m onitor the 
perform ance of the  detecto r and  ensure th a t the collected d a ta  is transferred  
sm oothly  to  the  D ESY  com puter centre.
The CAMAC m odules are arranged  in  ROM ULUS branches, w ith each
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F ig u r e  4 .1  : Schem atic representation of the  d a ta  acquisition system  
showing the  hardw are configuration and the  d a ta  flow diagram
branch  corresponding to  a detector com ponent. A fter each beam  crossing, 
a  logic program m able T R IG G E R  verifies th a t the  signals are com patible 
w ith  an event occurring at the  in teraction  poin t. This process produces a 
d a ta  acquisition ra te  of 2 or 3 events per second, th a t is, one event every 
100 000 beam  crossings.
As described in  the previous chapter, the  trigger perform s a fast p a tte rn  
recognition, using the  m om entum  m easurem ents of charged particle tracks 
in  the  central detecto r and  the  energy deposited in the calorim eter m odules. 
T he m ost im p o rtan t trigger requirem ent relevant to  th is study  has been 
th a t:
(a) the re  be a t least one charged track  in the inner central tracking 
detecto r in coincidence w ith  an energy deposition of at least 1.5 
GeV in  any of the sixteen lead liquid argon calorim eter modules.
Two o ther triggers th a t have been used are:
(b) a trigger th a t requires a t least two charged tracks in  the  central 
detecto r w ith  a transverse m om entum  w ith respect to  the  beam  
axis such th a t p t  > 200M e V / c .  At beam  energies greater th a n  19 
<2eV, the  background conditions becam e worse, and so a tigh ter 
trigger requirem ent had  to  be m ade. Thus, a t the  highest running 
energies, there  had  to  be a m inim um  opening angle between any 
two tracks of 135° and the  p t  condition becam e p t  > 650M e V / c
(c) a trigger th a t requires at least 1.5 to 4 GeV shower energy de­
posited  in  any of the  sixteen m odules. The choice of the  energy 
level depended on the background conditions.
Once th e  trigger has ind icated  a possible in teresting  event, a first com­
pu te r, th e  P D P 1 , exam ined the  signals from  the various CAMAC branches 
and  m ade an in itia l selection from  the  reconstruction  of tracks in the cen­
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tra l detector. This procedure, which is described in  detail in  section 4 .4 , 
elim inates 50 % of the  events and the  rem ainder were passed onto a sec­
ond com puter, the  P D P 2. This com puter controls the  d a ta  acquisition by 
s ta rtin g  and finishing d a ta  taking th rough  m eans of a touch panel and also 
provides rap id  inform ation on the s ta tu s  of the various detecto r com ponents 
th rough  histogram s. The P D P 2 also perform s an in itia l selection of b h ab h a  
events and  m ultihadronic events, in  order to  obta in  a quick determ ination  
of the  ra tio  R. This fast calculation was in tended to  provide an early ind ica­
tion  of the  existence of a sixth quark when PE T R A  was running  at a series 
of cent re-of-m ass energies. The events are then tran sm itted  to the D ESY 
com puter centre, where an IBM com puter stores the  events on a disk file, 
w hich is organised as a large ring buffer. A DUM P job is ru n  au tom atically  
to  transfer the  d a ta  onto an R D T (Raw D ata  Tape), when the  space in the  
buffer is nearly  exhausted.
T he second stage in the  d a ta  processing chain uses the  R D T, which 
contains the  signal in form ation from  each p a rt of the  detector. An event 
filter now acts on the  R D T  and rejects about 90 % of the  events. This is 
achieved th rough  reconstructing  charged tracks in  the  central detector and 
calculating the  energy deposited in  the  liquid argon calorim eter.
4 .3  U se  o f  th e  em u la to r
T he above procedure for filtering the  d a ta  was used for the  first half of 
the  tim e in  which the  d a ta  used in  th is study was collected. In  the second 
half of the  relevant data-tak ing  period, neither P D P 1 nor P D P 2 perform ed 
any filtering, a lthough PD P2 still m ade a fast selection of bhabhas and 
m ultihadrons. This was because a new com ponent was in troduced  in to  the  
d a ta  acquisition chain, a 370/E  em ulator [56], which exam ined the events 
on the  IBM  online disk by running  them  th rough  the  filter program .
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The 370 /E  em ulates an IBM  370/168 m ainfram e com puter and  can 
process 1 m egabyte sized program s w ith  a speed which is a quarte r th a t of 
an IBM  3081 D m ainfram e. T he advantage of th is em ulato r over the  earlier 
168 /E , as used a t SLAC, is th a t its  architecture is sim ilar to  the  IBM 
arch itectu re. T he d a ta  and instruc tions are stored in  a com bined m em ory 
and  there is direct em ulation of the  IBM  instructions. This m eans th a t the 
program s do not need to  be tran s la ted  before they are ru n  on the  em ulator, 
thus leading to  sim pler operation . The filter p rogram  is linked w ith  the 
370 /E  system  and the  FO R TR A N  I /O  routines and  then  downloaded.
The m ain  advantage of runn ing  the filter p rogram  on the  em ulator 
are th a t it saves runn ing  tim e on th e  IBM  m ainfram e com puter at DESY 
and  th e  com puters a t the  o ther collaborating in s titu tio n s , and  hence cuts 
com puting costs.
T he em ulator acts on the  IBM  online disk and  is supposed to  analyse 
every event th a t is triggered. This is not possible, however, if the  trigger 
ra te  becom es too high since the  em ulator does not have enough tim e to 
process the events. An identical filter program  to  th a t used on the em ulator 
is ru n  offline on the  events which have not been analysed by the em ulator. 
Typically," the  em ulator processes around  60 % of the  events. The basic 
purpose of the  em ulato r is to  designate events as G OOD  or BAD. The 
offline filter p rogram  analyses the  rem aining 40 % of events, then  throw s 
away the  BAD events after checking th a t the  em ulato r is working correctly.
T he general p rocedure for flagging events is ou tlined below.
4 .4  F ilte r  p ro g ra m
The filter p rogram  uses th ree m ain  groups of event d a ta  :
(1) th e  coordinates of h its in  the  inner detector wire cham bers
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(2) the to ta l energy deposited  in  the  liquid argon calo rim eter
(3) the  coordinates of single channels in the  central liqu id  argon calorim e­
te r th a t ind ica te  an energy deposition
The first step  in th e  p rog ram  is to  decode the raw  d a ta  in to  a  sim ple 
form at and  equate  the  d a ta  w ith  th e  appropria te  detecto r com ponent. The 
wire cham ber coordinates are th en  calculated  for the  inner de tec to r in  the  r —
<f> p ro jection , along w ith  th e  corresponding 2 coordinates. T he calculation of 
the  2 coordinates begins by em ploying a clustering algo rithm  on the cathode 
strips, w ith  th is operation  being perform ed separately for the  30° and  90° 
strips of each p ropo rtiona l cham ber. The lower and u p p er values of 2 can 
then  be calculated for each c luster, and  from  this in fo rm ation , th e  p rogram  
looks for overlaps betw een th e  30° and  90° clusters for a given (f) - coordinate. 
The 2 coordinate is th en  determ ined  if the overlap is g rea te r th a n  some 
specified value. The p rog ram  then  tries to  reconstruct tracks w hich can be 
forced th rough  the  po in t r =  0 (assum ed to  be the in te rac tio n  po in t). The 
track  m ust have at least n ine po in ts on it, and these two conditions m ean 
th a t beam -w all events and  cosmics are often not reconstruc ted . The track 
recognition in  the  r — z p ro jec tion  is perform ed in a sim ilar m anner, bu t 
w ith  the required  num ber of po in ts on the  track reduced to  four. If  a t least 
two tracks are found in th e  r — <f> p ro jection , a track opening angle, A(</>o), 
is calculated, which is th e  m axim um  of all opening angles betw een any two 
tracks.
The energy deposited  in  each stack of the liquid argon  calorim eter 
is calculated from  the  sum  of th e  ADC counts, which is converted in to  
an  energy by a set of calib ra tion  constants. The stack energies are then 
classified in to  various energy levels according to  table 4.1, and  an energy
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CLASS LEVEL Le ENERGY RANGE
junk -1 E ,s  -800 MeV
zero 0 -800 MeV < Et s; 800 MeV
low 1 800 MeV < E ,^ 1500 MeV
medium 2 1500 MeV < Es s 2000 MeV
high 3 2000 MeV < Es
T a b le  4 .1  : The classification of the  to ta l energy deposited in a stack 
o f th e  lead liquid argon calorim eter
spread p aram ete r, S e , is calculated
S e  =  m ax t l i j  x ( L i  d- L j )
w here f li j  is th e  opening angle between any two stacks i and  j , and  L i , L j  
are their respective energy levels. T he opening angle betw een th e  two stacks 
th a t  m axim ise S e  is called 0 s -  A b h ab h a  event, for exam ple has values for 
S e  and 0 5  of 6w and  7r respectively. A stack is designated  ”in  tim e” if  the 
tim ing of the  energy sum s occurs w ith in  300 nsec of th e  in te rac tion  tim e. 
T he last stage of the  filter p rogram  is to  try  to  find clusters in  the liquid 
argon stack pro jections u , v , w  and  then  to  m erge them .
The filter criteria  are defined by strings of num bers of basic conditions, 
which all have to  be fulfilled. Two types of string  are used: ACC strings 
to  accept events for w hich the  conditions are tru e  and  R E J  strings to  reject 
events if the  conditions are true . A condition is inverted  if  its  negative 
num ber is w ritten  in to  th e  string.
Thus, the  decision process proceeds as follows. The reconstruc tion  in 
r — <f), the  liquid argon energy sum s and the  tim ing calculations are carried 
out first. The events are then  exam ined to  see if  they  pass a num ber of 
strings of conditions. An exam ple of a set of these strings is given in table 
4 .2 . The events th a t fail th is in itia l selection are m arked BAD and are not 
fu rther processed. The reconstruc tion  in r — z  is then  done for the GOOD 
events, which will for some events change the ir event p aram eters . Hence, 
when the events are passed th rough  the series of condition strings, some will 
fail and are m arked BAD. The rem aining GOOD  events have the ir liquid 
argon clusters reconstruc ted  and  are checked for the  la st tim e against the 
selection criteria.
The filter program  also checks th a t the trigger conditions are consistent , 
i.e., a p articu la r trigger is accepting events w ith the  specified properties.
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Criteria
Banks
Basic Conditions 
and Explanation
SACC0 / 4
N t r a c k t  S  4
13
A(<M > f
118
|Eg| <  Atracks
$ACC 1 / 3
Nt r a c k t  >  3
13
A(<M >
118
|Eg| <  Nt rac kt
SACC2 / 2
N t ra c k t  >  2
17
A(<M > f
118
|E<d <  Nt rac k t
$ACC3 / 2
Nt r a c k t  >  2
13
A(<M > f
118
|£ g |  <  Nt rac kt
$ACC4 / 1
At rackt  S 1
51
At t ,med  S 1
SACC5 / 1
Atrack t — 1
61
N , t ,hi >  1
SACC 6 / 53
A$t,med S 3
$ACC 7 / -25
A\ t , j u n k  <-' 3
52
N , t ,mcd > 2
61
N t t , h i  >  1
75 -83 
Se > 10 ©5 > bw16
SACC 8 / -25
N  t t , j u n k  3
51
N  t t ,med  S 1
62
Ajt.fci > 2
75 -83 
Se >10 ©s > 5tt16
SACC 9 / -25
Al t , junk  <  5
63
AJfi/li > 3
74
Se > 8
-83
0 * > S
SACC 10 / -25
Ajt , j unk  <' 3
52
Ast^med S 2
75
S e  > 10
-83
0 * > ! f
SACC 11 / -25
A i t ,  j u n k  <  3
51
A$t,mcd S 1
61
N t t , h i  >  1
75 -83 
Se > 10 ©5  > 5jt16
SACC 12 / - -25
A i t ,  j u n k  ^  3
62
A,tifci > 2
74
S e  > 8
-83
0 * > ! i
SACC 13 / 61
At t ,hi  >  1
78
Se > 16
81
0 * <  I*
SACC 14 / -25
A#t , j unk  3
62
A<t)fci > 2
77
Se > 14
SACC 15 / -23
At t , j u n k  <  3
51
A$t,med S 1
91
At t , t imed  S  1
SACC 16 / -23
A , t , j u n k  3
61
Aje.w > 1
91
N t t , t i m e d  S 1
SREJ 0 / p.e3E.CT ftLL THE REST
T a b le  4 .2  : A set of condition strings for the filter program  , where,
for exam ple, N at,hi m eans the num ber of stacks which have a high energy
level, as defined in tab le  4.1
4.5 R eco n stru ctio n  program
The events th a t successfully pass th rough  the  filter p rogram  are then  
processed by the  m ain reconstruction  p rogram , called O FFR A M  . This con­
sists of a num ber of sem i-independent program s th a t reconstruc t the  events 
and perform  o ther event analyses. These program s can be ru n  on any type 
of com puter available w ith in  the  collaboration (IBM , CDC or UNIVAC).
CELPA T is the  processor concerned w ith  the  central detector and it 
perform s its  p a tte rn  recognition by correlating the charge deposited on the 
30° and  90° cathodes of a cham ber or by m atching anode h its  w ith  cathode 
hits. C ircular bands are searched for tracks in the r — <j> p rojection.
T he processor F IT T  then  uses th e  inform ation from  CELPAT to  set 
the  reconstruc ted  tracks w ith in  the CELLO coordinate system  and  to  obta in  
geom etrical inform ation  such as the position of the in teraction  poin t. The 
exact value of the  magnetic, field is calculated by the  p rogram  C G D T , which 
is then  used by F IT T  to  im prove the track  reconstruction .
The liquid argon calorim eter d a ta  is analysed by the  p rogram  
LATRAK, which uses the  geom etrical correlations between the  u , v  and 
w strips to  decide which channels have been fired. T he program  s ta rts  by 
correlating h its from  the  th ree o rien tations in seven layers and  building up 
two dim ensional cells. T he cells are then  grouped in to  layer clusters, each of 
which has a principal axis. T hree dim ensional clusters are th en  form ed by 
com bining clusters a t different depths. T he axis of the  cluster is determ ined 
by fitting  a stra igh t line th rough  the cluster centres.
The p rogram  concerned w ith d a ta  from  the m uon cham bers is M UCH, 
which reconstructs the  poin t of im pact in the cham bers. This is done 
unam biguously using inform ation from  th e  anode wires and  the  two cathode
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strip  planes.
The LINK JO B  program  combines the track  inform ation from  the  var­
ious parts  of the  detector.
The o u tp u t from  O FFR A M  is read  onto a D ST (D ata  Sum m ary Tape) 
which contains for each event, inform ation from  each of the  processors, the  
raw  d a ta  and  the reconstructed  tracks and the ir vertices.
4 .6  E v en t se le c t io n
Once the GOOD filtered events have been fully reconstructed , they 
can then  be passed th rough  various selection processes to  yield in teresting  
physics events. The work described in th is study  is concerned w ith  m ulti- 
hadronic events, which undergo selection in  two stages. F irstly , bad  tracks 
w ith in  an event are rejected and then  the event as a whole is subjected  to 
selection criteria.
C harged tracks are rejected if they fulfil any of the following conditions:
(a) \cos(0t )\ >  0 .86, where Ot  is the  angle the reconstructed  track  
makes w ith  the  beam  axis
(b) num ber of central detector hits <  8
(c) m om entum , p  <  200 MeV
(d) m om entum , p > 10 • E ^ eam
(e) distance to  the  vertex in the  r — <j> p lane Z y  >  1.95 cm
N eutral showers detected  in  the liquid argon calorim eter are rejected if 
they  fulfil either of th e  following two conditions :
(f) \co3(0T)\ >  0.86
(g) Eshower < 200 MeV
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T he cuts (a) and  (f) on the angular range of accepted charged tracks 
and  n eu tra l showers were m ade for two m ain reasons. In the  endcap region 
of th e  detector, i.e., \cos6\ >  0.89, the background from photon-photon  
in teractions is large, and also in this region efficiency calculations are m ade 
difficult because of the  sm aller num ber of cham bers in th is area. C ut (b) 
ensured  th a t the charged tracks were reconstructed  well and hence the ir 
position  was determ ined accurately. The rejection of low energy showers (g) 
and  charged particles (c) m eans th a t the rem aining tracks and showers have 
an  energy or m om entum  above the energy threshold  of the  various detector 
com ponents. This energy threshold  exists because of inherent electronic 
noise in  the  amplifiers and  renders an energy m easurem ent below th is level 
unreliable . Cut (d) is applied, since for tracks w ith p  >  10 • E \3eam the  
reso lu tion  of the central detector becomes bad. The distance to the  vertex 
should be sm all (e) to  elim inate beam  wall events.
A final selection of m ultihadronic events was then  m ade based on bo th  
th e  charged particle and  th e  neu tra l shower inform ation.
T he events were accepted if they  obeyed the following conditions :
(1) th e  num ber of charged tracks had  to  be at least 5
(2) the  num ber of negatively charged tracks had  to  be at least 1
(3) the  to ta l visible charged energy \pi\ > 0.20W
(4) the  to ta l n eu tra l shower energy E Shower > 0.02W
(5) th e  to ta l visible energy ^  \pi \ +  EShower > 0.4W
(6) the  m axim um  angle between any two charged tracks in  the  r  — (f> 
p lane, <f>o > 130°
Events arising from  beam -gas in teractions are elim inated by cuts on the 
m om enta (c), the vertex  (e), the charge(2) and  on the to ta l event energies
53
(3)-(5). C ondition (6) rejects events which have a cone-like s tru c tu re  such 
as those th a t occur from  off-m om entum  electrons, which in itia te  a large 
shower in p a rt of the central detector. A visual scan of a large fraction 
of the  d a ta  gave an upper lim it of 0 .1% for rem aining background events 
of th is  type. Events of the type e+ e-  —> t + t -  have a small num ber of 
charged tracks and a low visible energy and are hence rejected by conditions
(1) and  (3)-(5). A M onte Carlo sim ulation of this process found th a t the  
rem aining background from  this process was less th a n  0.1%. R adiative 
b h ab h a  events can lead to several particles in the  central detector arising 
from  the  conversion of a photon  in the beam pipe, b u t are reduced to  a 
negligible am ount by condition (1).
Events in which the hadrons result from  a photon-photon  in teraction  
are rejected  by im posing the  conditions (3)-(5). In th is process, only a sm all 
fraction  of th e  visible energy is m easured in the central detector since m ost 
of the  energy is carried off by the electron and positron  at small angles. 
F igure 4.2 shows th a t applying the cut on the to ta l visible energy removes 
the  background events th a t this process produces. A background of 0.9% 
from  two pho ton  scattering  rem ained after the application of these cuts.
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C H A P T E R  F IV E  
S T U D Y  O F  H A D R O N IC  F IN A L  S T A T E S
5 .1  In tr o d u c tio n
In  th is chapter, general properties of je ts  produced by e+ e-  ann ih ila tion  
are presented. The p roduction  of je ts  and the ir subsequent fragm entation  
have been studied by using charged and n eu tra l particles a t a centre-of-m ass 
energy of around 44 GeV. At th is energy, the  process e+ e-  —> hadrons  is 
dom inated  by the  p roduction  of the quark pairs uu,  dd, ss, cc and  66, w ith 
a sm all fraction of events orig inating from  h a rd  gluon brem sstrah lung ,i.e ., 
e+ e-  -> qqg.
As has been m entioned in  chapter 2, the  events produced by the frag­
m en ta tion  of a qq pa ir show a two je t s tru c tu re , w hilst a sm all num ber of 
th ree  je t events occur from  in itia l s ta te  gluon rad ia tion . C ontributions from  
b o th  these event types are included in the  d a ta  described in  th is chapter.
In  th is analysis, the  results represent the  sum  of the  contribu tions from  
th e  different quark  flavours. The ra tio  of the  cross-sections for the  different 
quark  flavours produced  in  e+ e-  annih ilations, to  lowest order, is th e  ra tio  
of the  quark  charges squared;
uu  : dd : ss : cc : 66 =  4 : 1 : 1 : 4 : 1
5 .2  V aria b les  u sed
The variables used in  th is analysis are based on the  m easurem ent of 
th e  m om entum  of charged tracks and  of th e  energy deposited  by neu tra l 
particles.
T he m om entum  of a charged particle , or energy of a neu tra l particle in
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an  event w ith  N  particles is denoted by
Pi where i =  1 , . . . ,  N
This is used in  the definition of the sphericity tensor and its associated 
norm alized eigenvalues Q i ,  Q 2 and Q 3, given in chapter 1. Two o ther event 
m easures can be defined using these eigenvalues. These are (p |^n ) and  
(■PTout)■> average squared transverse m om enta ’in ’ and ’o u t’ of the plane, 
respectively. These two quantities are defined as
i
i
w here h i , 77.2 are the  eigenvectors associated w ith the  eigenvalues Q\  and  Q 2 - 
T hus, {prpin) square of the  m om entum  com ponent perpendicular to  the
je t (sphericity) axis in  the  event plane , and averaged over all the  particles in 
an  event, w hilst (pTout) is the  square of the m om entum  com ponent norm al 
to  the  event plane, sim ilarly averaged.
In  add ition  to  the  m om entum  of a particle , two o ther particle p rop­
erties can be calculated. The particle transverse m om entum , py , and the 
long itud inal partic le  m om entum , pjr,, are defined relative to  the  je t axis. For 
exam ple, th e  p x  of a partic le  is the  com ponent of its  m om entum  perpendic­
u la r to  th e  je t axis. T he event m easure th ru s t as shown in  equation 1-5 is 
calculated  using longitudinal particle m om enta.
T he angles th a t the  th ru s t and sphericity axes m ake w ith  the  beam  axis 
(in th e  CELLO coordinate system , th is is defined as being in  th e  z-direction) 
are denoted by 0 t  a*id 0 s ,  respectively
T he partic le  p roduction  along the  je t axis was also analysed using the 
rap id ity  y , defined by
1 E  +  pl
w here E  is the energy of the particle. In  calculating the  energy of the 
charged particle , its mass was taken to  be the  pion m ass.
5 .3  E n e rg y -e n e rg y  c o r r e la t io n s
Energy-energy correlations were first proposed by B asham  et al [57], 
as a m ethod  to  investigate the  angular d istribu tion  of the  partons and  the 
em ission of bo th  hard  and  soft gluons. The energy-energy correlation is 
defined as
1 d S EEC - N
=  — —  y  y  EiEiAT.c A-v < ‘  ^<r dX N s A X n=1 . .
w here E i , E j  are the  energies of two particles i and  j ,  which are separated  
by an  angle %, N  is the num ber of events and A y  is the  bin w idth  in  x- 
T hus, it is the  energy weighted sum  over all tw o-particle com binations whose 
angular separation  is between x and  % + A%. The norm alisation  is such th a t
. 1 8 0  ^ E E C
h ^ r d x = 1
when self com binations at x  = 0° are included. The asym m etry  of the 
energy-energy correlation can also be calculated,
d u EE C  d S E E C , ,
4 x )  =  — ( i so
Schem atic representations of the energy-energy correlation and  its re la ted  
asym m etry  are shown in figure 5.1, for several event configurations. In 
the  process e+ e_ —> qq two back-to-back partons are produced, which give 
two de lta  functions a t x  =  0° an d x  = 180° • However, because of th e  finite 
resolution of the calorim eter in  x , the energy-energy correlation becomes like 
figure 5 .1(a), i.e., w ith  finite bin w idth. W hen the  fragm entation  process 
is taken  in to  account, th e  shape of the  energy-energy correlation becomes 
dependent on the transverse m om enta of the  hadrons. For example, figure 
5 .1(b) shows the  result if only collinear hadrons are produced, whilst figure
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F ig u r e  5 .1  : Schem atic representation of the  energy energy correlation 
and its asym m etry
5.1(c) shows the  effect of lim ited  hadron  transverse m om enta, sm earing the  
forw ard and  backw ards peaks.
A p a rticu la r process e+ e~ —■» qqg leads to  a gluon being em itted  at a 
given angle w ith  finite energy, thus giving the  p a rto n  d istribu tion  of figure 
5.1(d). T he th ree  peaks in th is d iagram  outside the  % =  0° region corre­
spond to  the  th ree  angles between the  quark, an tiquark  and th e  gluon. If 
the  hadrons are produced collinear to  the partons then  the  p ic ture  rem ains 
unchanged (figure 5.1(e)) b u t the inclusion of transverse m om enta produces 
the  sm eared d is tribu tion  of figure 5.1(f). F igures 5.1(g) and  5.1(h) show the 
energy energy correlation and its re la ted  asym m etry  for the  case where a 
hard  gluon is em itted  in  the  in itia l s ta te , thus leading to  a b road  th ird  je t of 
hadrons. It can be seen from  figure 5.1(h) th a t the  asym m etry  enhances the 
con tribu tion  from  hard  gluon rad ia tion  relative to  the  quark  pair p roduc­
tion  con tribu tion . T hus, the  use of the  energy-energy correlation asym m etry 
increases the  sensitiv ity  to  0 5 .
5 .4  F u rth er  track  an d  ev en t S e le c t io n
Before a final selection of m ultihadronic events was m ade, several ad­
d itional track  cuts were m ade. This was to  ensure, in particu la r th a t the 
n eu tra l com ponent of the  events consisted of well m easured  photons. These 
cuts and  the  ra tionale  behind  them  are described below.
In the  shower reconstruction  program , LATRA K , clusters of deposited 
energy are reconstruc ted  in each of the  seven layers of each lead-liquid a r­
gon m odule. This is achieved by using the geom etrical correlations between 
th e  th ree  channel orien tations u , v  and  w and betw een ad jacent channels in 
depth . The clusters are form ed in two dim ensions and th en  com bined longi­
tud inally  in to  three-dim ensional showers. The topology of these showers i.e., 
w hether they  resu lt from  single or overlapping photons is then  determ ined.
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This is done by determ ining the  two principal axes and the  corresponding 
sigmas of each two dim ensional cluster. The clusters are then  separated  
in to  single and  double shower candidates by checking these sigmas.
T he LINK JO B  extrapolates tracks found in the inner detecto r in to  the  
liquid argon calorim eter. The position  of the  ex trapo lated  tracks are then  
used in  the  reconstruction  of the tw o-dim ensional clusters. This leads to 
the  separation  of the final reconstructed  showers into two types :
(a) charged showers - those showers th a t can be linked to  charged 
tracks
(b) n eu tra l showers - those showers for which no link to  charged tracks 
can be found.
It should be noted  th a t th is technique of linking tracks w ith  showers 
is no t 100% efficient. Hence, cuts on the  longitudinal developm ent of the  
shower have to  be employed to  distinguish  photons from  charged particles 
w here the  linking procedure has failed. These cuts also help to  distinguish 
pho tons from  neutrons and  i f 0’s.
T he following criteria  are used to  select well m easured photons:
(1) photons th a t result from  two or m ore overlapping showers are re­
jected
(2) n eu tra l showers are rejected if the  to ta l charge deposited in  the 
second and th ird  layers is less th a n  20 % of the  to ta l deposited 
charge
(3) n eu tra l showers are rejected if m ore th a n  5% of th e  to ta l charge is 
deposited in  the  seventh layer
(4 ) photons th a t do not extend in  dep th  over a t least th ree  layers are 
rejected
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(5) photons have to be in the  angular range 0.05 <  |cos0| <  0.84 , 
w here 6 is the  angle the pho ton  makes w ith  the  beam  direction
(6) photons th a t have an energy less th an  500 MeV are rejected
T he shape of an electrom agnetic shower in the lead-liquid argon calorim e­
te r  is essentially th a t of a large deposition of energy near the  front of the 
calorim eter, th a t is, w ith in  layers two and three, followed by a rap id  decrease 
in  energy deposition un til at the back of the  calorim eter only a small am ount 
of energy is deposited. Thus, conditions (2) and  (3) ensure th a t the d is tri­
bu tio n  of the  energy deposited in the  calorim eter m odules is approxim ately 
in  the  shape of an electrom agnetic shower. C ondition (4) removes showers 
th a t are a resu lt of noise w ithin the  calorim eter system . This problem  be­
cam e worse a t high beam  energies of around 22 GeV. The in troduction  of 
cut (6) was also found to  be necessary a t high beam  energies and m eant 
th a t showers which were a result of background were rejected. At a beam  
energy of 17 GeV, a m inim um  pho ton  energy of 300 MeV was found to  be 
a sufficiently h a rd  cut. The use of condition (5) m eant th a t the photon  was 
contained w ith in  the  central p a rt of the  calorim eter, and  was away from  the 
m odule edges.
T he above cuts were extensively checked using m ultihadronic events 
and  single pho ton  events generated  by M onte Carlo, and  w ith B habha 
events. The background due to  charged particles w here the linking p ro ­
cedure failed, or the m isidentification of neu trons or ’s is less th a n  1 %, 
as determ ined  from  M onte Carlo studies.
In  add ition  to  the  cuts on neu tra l showers, a fu rth er constrain t was pu t 
on the  charged tracks. This was done to  ensure th a t all the  tracks were 
w ell-m easured, and  so facilitate the  agreem ent between th e  d a ta  and the 
M onte Carlo. T hus, charged tracks were rejected if less th a n  three of the 
m ultiw ire p roportional cham bers in  the  inner detecto r fired.
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Hence, after these m ore sophisticated  cuts have been m ade on the  
charged tracks and neu tra l showers, the  agreem ent betw een d a ta  and M onte 
Carlo is b e tte r , and therefore, a b e tte r  understand ing  of th e  d a ta  is gained. 
An exam ple of the agreem ent between the d a ta  and  the  M onte Carlo is 
shown in figure 5.2 for the  m om entum  distribu tion .
5.5  C o rrec tin g  th e  d a ta
The d a ta , which are obta ined  from  the D S T ’s, need to  be corrected by 
the  use of M onte Carlo techniques. This procedure enables the  d a ta  to  be 
com pared directly w ith  o ther experim ental g roups’ d a ta , provided it too has 
been corrected. Theoretical predictions can also be investigated by using 
the  corrected d a ta , as for exam ple, in  the  determ ination  of 0 5  presented in  
chapter 6 .
Corrections to the  d a ta  are required for the following reasons.
(1) In itia l s ta te  rad ia tion ; this causes the in itia l quark- an tiquark  pair 
to  have less energy th an  usual and so the  visible energy is correspondingly 
lower. T he event is also boosted w ith  respect to  th e  detector, which can 
lead to  tke  particle m om enta being incorrectly  m easured.
(2 ) D etector inefficiency; although the CELLO detector has a very good 
angular coverage, it is som etim es possible th a t a partic le  could en ter one 
of the  gaps between the  m odules of the liquid argon calorim eter. Some 
particles such as the neu tron , neu trino  and K £ are also no t detected, and  
hence lower the to ta l visible energy. The possibility of particles escaping 
undetected  down the beam pipe needs also to  be taken  in to  account. N on­
functioning com ponents of the  detector, such as broken wires, can also lead 
to  inefficiencies as can th e  cuts used to  select well m easured photons and  
charged tracks.
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(3) R econstruction inefficiencies; these can occur w hen two particles are 
nearly  collinear, which can lead to  one of the  particles no t being detected. 
There is also the  problem  of charged tracks being m isidentified as neu tra ls , 
because of the failure of the linking procedure. These inefficiencies lead to  
a reduction  in the  event m ultiplicity  and in the  to ta l detected  energy.
(4) Triggering inefficiency; this is as a result of the online trigger system  
w rongly classifying an event. However, this effect is expected to  be very 
sm all in  th is analysis because of the selection cuts im posed on the events.
(5) Resolution inefficiency; the corrections need to  take in to  account 
the  finite resolution of the detector, and  also th e  fact th a t the mass of the  
charged particles is assum ed to  be th a t of a charged pion.
The procedure for correcting the d a ta  involves the generation of two 
sets of M onte Carlo events. The first set includes a full sim ulation of the  
detecto r and is passed th rough the  com plete reconstruction  chain, whilst the  
second set is generated independent of the detector and  the  reconstruction  
process.
The first stage in generating the first set of M onte Carlo events was 
to  generate the  in itia l sta te  partons using the LUND M onte Carlo [58] - 
JE T S E T  version 5.2. In itial s ta te  rad ia tion  was taken in to  account up to 
order <*lm th rough  the p rogram  by Berends and Kleiss [59] . The LUND 
program  uses the  second order approxim ation of p ertu rb a tio n  theory  to  
generate a parto n  configuration, which can consist of qq, qqg, qqgg and  
qqqq final states. Since the theoretical expressions for the  last th ree  of 
these configurations diverge as a resu lt of infrared and collinear singularities, 
an  invarian t m ass cut-off Ymin is in troduced. The squared p arton -parton  
invarian t m ass is defined by
( p .  +  p bf
ab w 2
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where W  is the  center-of-m ass energy and  P a-,Pb are the  four-m om enta of 
any two partons a and  b.
Thus, if a th ree  p arto n  final s ta te  event contains a parto n  pair w ith 
Yab <  Ymim  th en  th is event is rem oved from  the th ree  parto n  sam ple and 
trea ted  as a two p a rto n  event. T he addition  of these events to the  two p arto n  
cross section cancels its  divergences, as discussed earlier, which leads to  a 
finite expression. T his procedure also removes explicitly the divergences 
from  the  th ree p a rto n  cross section, and  gives individually  finite two, three 
and  four p arto n  final s ta te  cross sections.
The next stage is the  hadron ization  of the  partons , which takes place 
according to  the  p rescrip tion  of the  LUND string fragm entation  m odel, 
given in section 3-4.
A description of the  various param eters th a t are used by th e  LUND 
M onte Carlo, and  the  way in which the values of these param eters  were 
determ ined is now given.
Q uark or d iquark  pairs are produced in the colour force fields of the 
in itia l partons, w ith  a ra tio  R q =  Pp ^  • The p robability  for creating s 
quarks relative to  u  or d quarks is given by the  ra tio  R f  =  The
fraction of p rim ary  mesons th a t have spin one, as opposed to  spin zero, is 
dependent on w hether the m eson contains heavy ( c or b ) or light quarks. 
This gives rise to  two num bers, t h  and r^ ,  the vector m eson probabilities 
for heavy and light m esons, respectively.
The longitudinal fragm entation  of the  in itia l quarks is governed by 
two fragm entation  functions. For u ,d  and s quarks the  LUND sym m etric 
function of equation 2-4 is used, the n a tu re  of which depends on the  two 
param eters a and  b described earlier. T he Peterson fragm entation  function 
of equation 2-5 is used for c and  b quarks, which in troduces the param eters
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6c  and  e # .
The transverse m om entum  qt given to the quarks and antiquarks de ter­
m ines the  transverse m om entum  of the  prim ary  hadrons. The quark trans-
_  2
verse m om entum  d is tribu tion  is a G aussian of the  form  exp (—y-), w here
9
a q is y/2 tim es the usual definition of G aussian w idth . The longitudinal 
and  transverse m om entum  com ponents discussed above, are defined w ith  
respect to  the  string directions. A quan tity  E j  is used together w ith quark  
m asses to  define the rem aining energy below which the  fragm entation  of a 
je t system  is stopped. The value of a s  a t a specific Q2 is determ ined to  
second order using A ^ ,  as defined earlier. Finally, in  th is stage unstab le  
p rim ary  hadrons were allowed to decay according to  known branching ratios 
to  produce the final particle configurations from  the  LUND M onte Carlo.
The values of the  above param eters were determ ined  using a M onte 
Carlo technique. Events were generated by the LUND M onte Carlo w ithou t 
any in itia l s ta te  rad ia tion , and  then  com pared w ith corrected data . This was 
done at a cent re-of-mass energy of 34 GeV, since several experim ents have 
published corrected d a ta  a t th is energy. In particu la r, the  energy-energy 
correlation d a ta  and its re la ted  asym m etry as presented by the  JA D E  Col­
labo ra tion  [60] and the  properties of je ts  d a ta  as analysed by TASSO [61] 
were used. Thus, th rough  an extensive tuning of the  aforem entioned p a ram ­
eters, the  LUND M onte Carlo was able to  describe the  available corrected 
d a ta  a t a W  of 34 GeV. The values of these param eters which were found 
to  give the best fit to the  d a ta  are given in tab le  5.1. Com parisons of the  
LUND M onte Carlo generated w ith th is set of param eters , and  the corrected 
d a ta  of TASSO and JA D E  are shown in figures 5.3 and 5.4.
The th ird  stage in generating the  first set of M onte Carlo events was 
to  pass the  LUND M onte Carlo final s ta te  particles th rough  a series of 
program s, which sim ulate the CELLO detector.
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PARAMETER VALUE
R<v 0.09
% 0.30
r H 0.75
r L 0.50
a 1.0
b 0.6
£ c 0.0025
0.0035
0.21 GeV/c
OS GeV
YA rruxv 0.010
e 7 2 GeV
T a b le  5.1 : The values of the most im portant param eters used in the 
LUND M onte Carlo
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The first of these program s is C ELLO U T, which reform ats the four vec­
to rs of the  generated particles in to  a form  suitable for the  CELLO M onte 
Carlo. The particles are then  analysed by P T R A K , which tracks the  p a r­
ticles from  the  in teraction  point and  then  th rough the beam pipe. Particles 
w ith  a short lifetime, such as i f 0’s and  A’s, which have not decayed in 
th e  LUND program , are allowed to  decay and the ir daughter p roducts are 
tracked  th rough  the detector. A fter the  beam pipe, particles are tracked  
th ro u g h  the  inner detector and the  liquid argon calorim eter. The p rogram  
package EGS sim ulates electrom agnetic reactions; bo th  in  the beam pipe 
and  in  the  liquid argon calorim eter. H adronic reactions are dealt w ith  by 
th e  H E T C  program . A sim ulation of the  response of the  detector is incor­
p o ra ted  in  the  program  CELINT, which uses as in p u t the  particles tracked 
th rough  P T R A K . The finite resolution of the  detector is thus taken  in to  
account as is noise, th rough  the  use of random  noise generators. C ELIN T 
also uses the  inform ation contained in  the  calibration  constants for each 
detecto r com ponent. The track  inform ation  is then  p u t in to  a raw d a ta  for­
m a t, w hich m eans it can then  be processed by the  reconstruction program  
O FFR A M .
T he reconstructed  M onte Carlo events are then  subjected  to  the sam e 
trigger conditions and event selection procedure as is applied to  the  d a ta . 
T hus, th is first set of M onte Carlo events should be sim ilar to  the  d a ta  
m easured  in  the  CELLO detector.
The second set of M onte Carlo events were generated , as in the  first 
case, using th e  LUND M onte Carlo. However, in itia l s ta te  rad ia tion  was 
no t included although all the  o ther inp u t param eters were identical. These 
events were not passed th rough a sim ulation of the  detector, nor were they 
reconstructed .
T hus, for any given variable, cc, such as sphericity, th ree d istributions
65
now exist
(a) d (x ) - th e  uncorrected d a ta
(b) m-i(x) - the  detector sim ulated  M onte Carlo
(c) 7722(#) - the  M onte Carlo independent of the  detector
From  d istribu tions (6) and  (c), a correction factor C( x )  is ob ta ined  for 
th e  effects of the  detector on each b in  in the  h istogram  of th e  variable x
n u \  -  m ^ xC \ X) — /rrii(x
T he division in  the  above equation is carried out b in  by b in  for each variable 
x. T he erro r on th e  correction factor A C ( x )  is also worked out on a b in  by 
bin basis ;
A C( x )  =  ( A m \ ( x )  -f A m ^ x ) ) *
w here A m i (a;) and  Arri2 (x) represent the  s tan d ard  errors on the two re­
spective sets of M onte Carlo events. T he corrected d a ta  d istribu tion , dc{x)  
for a given variable, x , can then  be obtained;
dc{x )  = d( x ) C( x )
3
This procedure was followed for the  variables defined earlier in  th is chapter, 
th u s  giving a set of corrected d a ta  d istribu tions which could be com pared 
w ith  theoretical predictions. This com parison is valid since the  effects of 
sm earing are correctly evaluated because a good approx im ation  to  the  u n ­
derlying physics has been used as a result of the  tun in g  procedure described 
earlier.
6 6
5.6 T he d istr ib u tion s
C orrected d a ta  d istribu tions obtained  w ith  th e  CELLO detector a t a 
cent re-of-mass energy of 44 GeV are now presented.
(a) Sphericity. The sphericity  d istribu tion  shown in  figure 5.5 was 
determ ined  using b o th  charged and  selected neu tra l particles. It can be 
seen from  th is figure th a t m ost of the analysed m ultihadronic events have 
a sphericity less th a n  0.15, which corresponds to  the  event having a two-jet 
s truc tu re . This confirms the findings of the TASSO C ollaboration [61] who 
found th a t as the  centre-of-m ass energy increased the  events becam e m ore 
strongly collim ated.
(b) T h ru s t. This d istribu tion  was calculated using th e  same group of 
particles as in (a). Since the  th ru s t maximises th e  sum  of the  longitudinal 
m om entum , a high value of th ru s t indicates a tw o-jet s truc tu re . T hus, figure
5.6 confirms the  observation obta ined  from  the  sphericity d istribu tion , th a t 
m ost of the  events are two-jet like.
(c) A ngular d istribu tion  of sphericity axis. The shape of this d is tribu ­
tion  is well described by the form
1 d N
  -------—— OC 1 -f COS 0 5
N  dcosQs
and therefore confirms the  theory  th a t the dom inant process in  the  p roduc­
tion  of m ultihadronic events is e+ e-  —> qq , where the  quarks are massless 
and  have spin A fit to  the  d a ta  of the  form
1 d N  2---------------- ~  1 +  acos 0 5
N  dcosQs
as shown in figure 5.7, gave the  value a = 1.20 ±  0.13.
(d) A ngular d is tribu tion  of th ru s t axis. This is shown in figure 5.8 
and is essentially th e  same shape as th a t described above for the sphericity
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F ig u r e  5 .7  : The angular d istribution  of the  je t  axis determ ined by 
sphericity. T he curve is a  fit to  the  d a ta  of the form  1 +  acosz &
1  dN  
N  dcos&r
2.0  
1 .5 
1 .0 
0. 5
0. 0
i COs Q t
F ig u r e  5 .8  : T he angular d is tribu tion  of the  je t axis determ ined by 
th ru s t .  The curve is a  fit to  the  d a ta  of the form 1 +  acosz&'
0 . 0  0 . 2  0 . 4  0. 6  0. 8
axis. A sim ilar fit to  the  d a ta  yielded the value a =  1.12 ±  0.13 , where a 
is the coefficient of th e  cos2Q term . Thus, w ithin errors the two angular 
d istribu tions are equal and  give com patible values of a. This m eans th a t 
the  basic physics results are not dependent on the choice of je t axis.
(e) P artic le  m om enta. The differential cross section for charged and 
n eu tra l particles is given in figure 5.9. The d istribu tion  shows a sharp  
decrease w ith  m om entum , although the  d istribu tion  is b roader th a n  the  
TASSO figure a t 34 GeV. F igure 5.10 shows the norm alised cross section 
for the  fractional partic le  m om entum , which falls steeply w ith  x p .
(f) P artic le  production  w ith respect to the je t axis. T he study  of the  
longitudinal and  transverse m om entum  distributions was carried  out w ith  
respect to  the  je t axis as determ ined by bo th  the th ru s t and sphericity 
axes. As can be seen from  figures 5.11 and 5.12, these d istribu tions are 
independent of the  choice of je t axis. The two figures 5.9 and  5.12 show 
th a t the pp  d is tribu tion  is sim ilar to  the m om entum  d istribu tion . This 
would be the  case if  m ost of the events were two-jet like, since any th ree je t 
s tru c tu re  would increase the  relative num ber of tracks w ith  a sm all value of 
pp. The p p  d is tribu tion  also indicates the  je t like n a tu re  of the  events, since 
th is d istibu tion  is highly peaked tow ards low values of pp ,  w hereas isotropic 
events would give a flat d is tribu tion  in  pp. The long ta il of th is d istribu tion  
can be understood  as being the  result of hard  gluon brem sstrah lung , which 
will produce a th ird  je t of hadrons w ith non-negligible transverse m om enta 
w ith  respect to  the  je t axis.
The dependence of (pp)  on xp  was also investigated , w ith  bo th  the 
th ru s t and  the  sphericity axes being used as the je t axis. T he d istribu tions 
are shown in figures 5.13 and  5.14, w ith  slight differences apparen t, espe­
cially a t high values of xp.  These differences arise w hen the  two axes are 
pointing in  slightly different directions. For exam ple, at a W  of 44 GeV, a
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(pT ) ( GeV/ c )
1 .25 
1 .00 
0.75 
0.50 
0.25 
0.0
0.0 0.2 0 .4  0 .6 0 .8  1.0
XL
F ig u r e  5 .1 3  : The average transverse m om entum  as a function of 
th e  fractional longitudinal m om entum  w ith  respect to  th e  je t axis, using 
the  sphericity  axis. The solid line show the  prediction of th e  QCD LUND 
m odel using s tan d ard  param eters.
(PT) (GeV/ c)
1 .25 
1 .00 
0.75 
0.50 
0.25 
0.0
0.0  0.2  0 .4  0 .6 0 .8  1.0
XL
#
F ig u re  5 .14  : The average transverse momentum as a function of the 
fractional longitudinal momentum with respect to the je t axis, using the 
th rust axis. The solid line show the prediction of the QCD LUND model 
using standard  param eters.
difference in  (p t ) of 0-25 G eV /c at x l  = 0.5 implies th a t there is an angle 
of 1.3° betw een the  two axes. The (p t ) versus x l  figures follow the  p a tte rn  
of having a m inim um  near x l  =  0, then  a broad m axim um  approxim ately  
betw een x l  = 0.1 and  x l  = 0.4 w ith  a gradual decrease as x l  —» 1.0. The 
transverse m om entum  should approach zero as x l  approaches 1 from  kine- 
m atical constra in ts, th a t is, the  axis is strongly w eighted by the  high x l  
tracks and  so these have sm all values of p t -  However, there  is no kinem atic 
constrain t to  lim it (p t ) at XL = 0.
(g) R apidity . As m entioned earlier, the rap id ity  provides a m ethod  of 
analysing the  partic le  p roduction  along the je t axis. The rap id ity  d is trib u ­
tion  is shown in figure 5.15, w ith  the  d a ta  folded around y  =  0. At sm all 
values of y , the  rap id ity  d istribu tion  is flat, w ith  a p la teau  region extending 
from  y = 0 to  y  =  2. The particle yield then  decreases sharply  as the  value 
of y  increases away from  the  flat region. The fact th a t all the charged p a r­
ticles were assum ed to  be pions will affect the  region close to  the  m axim um  
value of th e  rapidity . This is because particles th a t are in fact kaons or 
p ro tons will have values of y  th a t are larger th a n  the  correct values. The 
dependence of (p t ) on rap id ity  can also be exam ined in  a sim ilar m anner to 
the  variation  of th is quan tity  on x l  as described above. The resu lt is shown 
in  figure 5.16, w ith  the  (p t ) being calculated w ith respect to  the  sphericity  
axis. The m inim a around  zero is less pronounced th a n  in figure 5.13.
(h) Topological event m easures. The shape of an event can be studied  
using the  two event m easures (ptpin) and (P rout)■> in add ition  to  the  je t 
m easures discussed in  section (c). These two quantities are p lo tted  in  figures 
17 and  18, respectively. I t can be seen from  these two d istribu tions th a t the 
(Prin) d is tribu tion  extends up to  a higher value of (p^)  th a n  the  (Prout) 
figure. This ind icates th a t m ost of the  hadronic events occurring a t th is 
energy are p lanar in  n a tu re , since the  (p rout) d is tribu tion  has such a short
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ta il.
(i) Energy energy correlation. The energy energy correlation was calcu­
la ted  using b o th  the  charged and selected neu tra l particles. The bin  w idth  
was chosen to  be 3.6°. F igure 5.19 shows the  energy energy correlation, 
w ith  self-correlations removed. The predom inance of tw o-jet events can be 
seen from  th e  two peaks, w ith  the occurrence of soft gluon brem sstrah lung  
causing one peak  to  be higher th an  the  o ther. The energy energy correla­
tion  asym m etry  is shown in figure 5.20, and  th is indicates th a t there  is a 
con tribu tion  to  the  events from  hard  noncollinear gluon rad ia tion .
5 .7  S u m m a r y
I t is ap p aren t from  the  m any figures shown above th a t the m ajo rity  of 
hadronic events are tw o-jet like in  na tu re . In  addition , the  effects of QCD 
can be seen in  th e  tails of some d istribu tions. T hus, some of the  events are 
shown to  consist of th ree  je ts  of particles, e ither as a result of hard  or soft 
gluon brem sstrah lung . T he results on the  angu lar d istributions of th e  je t 
axes support th e  theory  th a t the  underlying process is m ainly ha lf integer 
spin quark  pa ir production .
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C H A P T E R  S I X  
D E T E R M I N A T I O N  O F  a s
6 .1  In tr o d u c tio n
As has been m entioned in chapter 2 , the  observation o f th ree-jet events 
in  e+ e~ annih ilation  in to  hadrons at a high centre of mass energy has p ro ­
vided direct evidence for gluon brem sstrah lung  as pred icted  by Q CD. A 
m easurem ent of the  three-jet cross section should therefore lead to  a  d e ter­
m ination  of a s , since the  strong coupling constan t is d irectly  p roportional 
to  th e  ra te  of th ree-jet events, provided the  four-jet ra te  is not large. O b­
ta in ing  a value of 0:5 from  the d a ta  is however, m ade difficult by th e  fact 
th a t the  QCD prediction is m ade at the  p a rto n  level. Thus, the QCD calcu­
la tion  has to  be com bined w ith  a m odel, which describes the fragm entation  
of quarks and  gluons in to  hadrons. In th is analysis, the  LUND string  m odel 
of fragm entation  was chosen, for the  reasons outlined in  chapter 2. T he 
use of only one fragm entation  m odel should resu lt in  a reduced system atic 
uncerta in ty  on the value of a s -  This is because different fragm entation  
schemes give a range of values of cks as explained in  chapter 2, and  th is 
effect has* been found by the  M ARK J , CELLO and  JA D E  collaborations 
to  be th e  biggest source of system atic error. The a s  used in th is analysis 
is th a t defined in the  (rns) scheme.
6 .2  P r o c e d u r e
The first stage in  this analysis was to  generate M onte Carlo events 
which could be com pared w ith  the  corrected d a ta . The M onte Carlo events 
were generated  using the LUND M onte C arlo -JE T S E T  version 5.2. T he 
inp u t param eters  of the M onte Carlo were those determ ined in  the  previous 
chapter, ap a rt from  the  value of 0:5 .
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The d a ta  were corrected for the  acceptance of the  detector and  for 
in itia l s ta te  pho ton  rad ia tio n  according to  the  prescrip tion  given in  chap ter 
5. T hus, the  various d istribu tions could be com pared directly  w ith  the  
p roperties  of the  hadrons generated  by the  M onte Carlo.
Several sets of M onte Carlo events were generated , each w ith  a different 
in p u t value of a s-  T he values of 0:5 th a t were chosen covered a wide range 
and  encom passed the  values of 0:5 determ ined by o ther collaborations. A p­
proxim ately  50,000 events were generated for each value of 0 : 5 , and  th is 
corresponds to  ~  10 tim es the num ber of accepted m ultihadrons in  the  d a ta  
sam ple.
T hus, for each d istribu tion  investigated, the corrected d a ta  was com ­
pared  w ith  the several sets of M onte Carlo. The com parison betw een the  
d a ta  and  the  M onte Carlo yielded a %2 value for each value of a s  p er h is­
tog ram . A plot of x 2 versus a s  could then  be draw n for each d istribu tion , 
and  hence th e  position  of m inim um  %2 could be found. T hus, the  value of 
a s  th a t  best described the  corrected d a ta  a t a  centre of m ass energy of 44 
GeV could be calculated.
6 .3  R e s u l t s
T he above procedure was carried out for several d istribu tions, all of 
w hich were presented  in  chapter 5, ap a rt from  Q 2 and  two of the  eigen­
values of the  m om entum  tensor defined in chapter 1 . T he d istribu tions were 
chosen since they  are variables th a t are sensitive to  the  shape of an event, 
and  hence to  th ree-jet events. The exception to  th is is th e  energy energy 
correlation  asym m etry, which was used because of its sensitivity  to  a s ,  as 
discussed in  the  previous chapter.
I t should be no ted  th a t only the  large angle region, x  >  50°, of the
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energy energy correlation asym m etry  was used to  calculate a s -  This region 
of the  energy energy correlation asym m etry is calculated  from  th e  section 
of the  energy energy correlation (see figure 5.19) betw een % =  50° and 
X  =  130°. The determ ination  of the value of a s  uses th is area of the 
energy energy correlation asym m etry  d istribu tion  because, a t large angles, 
th e  energy energy correlation asym m etry  is insensitive to  the  value of Ymin . 
This is because the  value of Ymin is of greater im portance in  the  case of two 
particles w hich are close together in  %, ra th e r th a n  in  the  case w here the 
angle % separating  th e  particles is between 50° and  130°. This fact can be 
seen from  the  definition of 7 m;n given in chapter 5. T hus, using th is half 
of the  plot in troduces less system atic errors in to  the value of a s  since the 
figure is no t dependent on an artificial procedure for differentiating between 
tw o and  th ree je t events.
The results are shown in tab le  6.1.
As can be seen from  the  tab le , the shape variables give com patible 
values of a s .  T he value of a s  ob ta ined  from  using th e  energy energy cor­
re la tion  asym m etry  is sm aller, b u t is still com patible w ith  the  o ther values 
of a  Si if system atic errors are taken in to  account.
The values of a s  found in  th is analysis should only be com pared w ith  
th e  resu lts of o ther experim ents if those experim ents were also carried out 
a t a beam  energy of 22 GeV. This is because of the  ’ru n n in g ’ n a tu re  of 
a s  as described in  section 1.7 and  em bodied analytically  in equation  (1- 
3). T hus, the  value of a s  which was obta ined  using the  energy energy 
correlation  asym m etry  can be com pared directly w ith  the M A R K -J g roup ’s 
resu lt. T he values of a s  ob ta ined  by bo th  experim ents are com patible 
w ith in  experim ental errors, although the M A R K -J resu lt was ob ta ined  by 
tak ing  the  average of th e  string  and  independent fragm entation  models. 
This is in  con trast w ith  the  m ethod  em ployed in  th is study, which was to
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elim inate the  independent fragm entation  m odel because of its  theoretical 
lim ita tions and  its  failure to  describe accurately the  experim ental d a ta  of 
several collaborations. T hus, th e  system atic error on th e  value of a s  is 
sm aller in  th is analysis for the  reasons outlined in  th is chapter.
The value of a s  found in  th is work is in  agreem ent w ith  the  resu lts of 
tab le  2.3 (o ther experim en ts’ determ inations of a s  using th e  energy energy 
correlation  asym m etry) b u t w ith  a substan tially  lower system atic error. It 
should, however, be no ted  th a t the  results of tab le  2.3 were ob ta ined  from  
experim ents perform ed a t a beam  energy of 17 GeV.
T hus, it can be seen th a t  one of th e  m ain aims of th is work has been 
achieved, nam ely, the  determ ination  of the strong in teraction  coupling con­
s tan t, a  S ’, a t the  highest curren tly  available beam  energy w ith a low sys­
tem atic  error.
Several possible sources of system atic error were investigated  and  eval­
ua ted . T he first of these was the  possible error in troduced  in to  the  analysis 
by an  incorrect choice of the  param eters th a t were used in th e  LUND M onte 
Carlo. T he m agnitude of th is system atic error was evaluated by changing 
th e  values of the inp u t M onte Carlo param eters in  such a way th a t the  
corrected  d istribu tions, th a t were used for the  tun ing  procedure, were still 
described by the M onte Carlo at the  generator level. This p rocedure was 
therefore an  a ttem p t to take in to  account the errors quoted  for the  TASSO 
and  JA D E  corrected d istribu tions. It was found th a t the system atic errors 
from  th is source are larger in  the  determ ination  of 05  using th e  shape vari­
ables. T his is essentially because the shape variables are m ore sensitive to  
th e  tun in g  of the  M onte C arlo th a n  is th e  energy energy correlation asym ­
m etry  as m entioned above. Hence, the  m easurem ent of a s  using th e  energy 
energy correlation asym m etry  is th e  m ost accurate  and  reliable of the  values 
presented  in  th is chapter.
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Fitted Distribution Value of oi s "X /i.j. at minimum
Sphericity 0.175 * 0.015 t 0.015 4.2/6
Thrust 0.164 t  0.015 t 0.015 13/6
Qt 0.169 * 0.015 1 0.015 7.9/8
< K ,u> 0.180 ± 0.015 * 0.015 12/9
Q, 0.169 * 0.015 - 0.015 4.6/9
Asymmetry 0.152± 0.015 * 0.010 5.1/5
T a b le  6 .1  : T he values of a s  th a t were calculated using the  CELLO 
corrected d a ta  a t W  =  44 GeV.
Note:- T he first e rro r in  the value of a s  is the  s ta tis tica l e rro r and  the 
second error is the  system atic error.
T he second source of system atic erro r th a t was exam ined was the  p ro ­
cedure used to  select the  m ultihadronic d a ta  sample. An additional sam ple 
of m ultihadrons was obta ined  using a different set of selection criteria  in  
o rder to  check th a t th e re  was no bias in  the  original d a ta  sam ple. This sec­
ond selection p rocedure p erm itted  each event to  have a sm aller to ta l visible 
energy, for the  event to  be accepted. Hence, th is second selection contained 
~  10 % m ore m ultihadronic events. The value of a s  was then  determ ined  
in  an identical m anner to  th a t which was used for the  first d a ta  sam ple. 
T he m agnitude of th is system atic erro r was then  found to  be ~  10 %.
In  o rder to  investigate w hether the CELLO corrected d a ta  a t 44 GeV 
could be described by Q CD, the  d istribu tions of chap ter 5 were com pared 
w ith  th e  QCD m odel, using an a s  value of 0.16. Figures 6.1-6.7 show the 
resu lts  of th is com parison, which confirm s th a t a value of a s  a t 44 GeV of 
0.16 describes the  essential features of the  d a ta  ob ta ined  w ith  the  CELLO 
detecto r.
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C H A P T E R  S E V E N  
S U M M A R Y  A N D  C O N C L U S IO N S
In the  first chap ter of th is  thesis, an  in troduction  was given in to  th e  
theory of quan tum  chrom odynam ics (or Q CD ); th e  theory  which a ttem p ts  
to  describe the  in te rac tion  of elem entary partic les th rough  the  exchange of 
gluons.
The experim ental evidence th a t QCD is a plausible theo ry  to  describe 
th e  strong in terac tion  was outlined  in chap ter 2. The second chapter also 
showed th a t in o rder to  describe the  experim ental resu lts  from  e+ e-  ann i­
h ilation, a m odel to  describe the  fragm en tation  of the  quarks and  gluons is 
needed, in conjunction w ith  QCD p e rtu rb a tio n  theory. T he relative m erits 
of several types of fragm entation  models were considered from  th e  concep­
tua l point of view and  from  the  m odels’ ab ility  to  describe the  m ain  features 
of the  d a ta . This procedure led to  the LUND string  m odel of fragm entation  
being used in  the  second results chapter to  determ ine th e  value of as-  A 
brief sum m ary and  evaluation of previous a ttem p ts  to  determ ine a s  was 
also given in chap ter 2, w ith the  m ain conclusion being th a t the  system atic 
error on the  value of a s  was large. This was because of the  uncertain ties in  
the analysis p rocedure brought about by th e  various fragm entation  m odels 
which gave different results for the value of a s -  The choice of the  LUND 
fragm entation  m odel for this study  wras in tended  to  reduce th is source of 
system atic error.
The m ain features of the  detector were sum m arised in  chapter 3, w ith 
particu la r em phasis on the CELLO d e tec to r’s su itab ility  for detecting mul- 
tihadronic events.
A descrip tion of the  d a ta  acquisition chain and  th e  m eans whereby 
m ultihadronic events were separated  from  background events was given in 
chapter 4. I t was found th a t after selection cuts had  been m ade, the num ber
76
of background events was negligible. This result was found after visually- 
scanning the  m ultihadronic events and  using extensive M onte Carlo tech ­
niques. T hus, after th is procedure, which is explained in greater detail in  
chap ter 4, a sam ple of m ultihadronic events was ob ta ined  which was re la­
tively free of events orig inating  from  background processes.
T he first results chap ter described the procedure for obtaining d is tri­
bu tions of the  corrected d a ta . This m ethod was shown to  be valid since, 
after some m ore specialised cuts, in p articu la r those used to  ensure well- 
m easured  photons, the  agreem ent betw een the  d a ta  and the  M onte Carlo 
was good. C orrected d a ta  d is tribu tions for a large num ber of variables were 
th en  presented . These variables were chosen in  order to  ascertain  if the  d a ta  
could be described by the  theory  of QCD. It was shown in chap ter 5 th a t the  
m ain  features of th e  d a ta , such as the  preponderance of tw o-jet events or the  
ha lf in teger spin n a tu re  of the  in teracting  particles were in  agreem ent w ith  
th e  predictions of QCD. Several of the  d istributions p lo tted , for exam ple, 
th e  energy energy correlation  asym m etry, show th a t there is a con tribu tion  
to  th e  m ultihadron ic event sam ple from  hard  non-collinear gluon rad ia tion . 
This process, together w ith  soft gluon brem sstrah lung , results in  the p ro ­
duction  of th ree-jet events, the  evidence for which can be seen in the  tails 
of m any d istribu tions, such as the  p x  d istribu tion . Thus it  was shown th a t 
the  corrected d a ta  obta ined  w ith  the  CELLO detector a t a  centre-of-m ass 
energy of 44 GeV was in  agreem ent w ith  QCD for the  variables used for 
th is study.
In chap ter 6 , a m ethod  of determ ining the  value of a s  was outlined in  
w hich the  m ost reliable and  well te sted  fragm entation  m odel was used. This 
technique was used for several variables, all of which were chosen because 
of the ir sensitivity  to  the  value of 0 5 . The energy energy correlation asym ­
m etry  gave the  m ost accurate  result because of its low system atic error, the
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T eas o ris  f o r  w h ic h  a r e  g iv e n  in  t h e  s e c o n d  re s u lts  c h a p te r .
The final p a rt of the  work presented  here was to  com pare the  CELLO 
corrected d a ta  at a centre-of-m ass energy of 44 GeV w ith QCD predictions 
using the  value of a s  ob ta ined  in  chap ter 6. It was shown th a t the  QCD 
predictions agreed well w ith  th e  CELLO corrected d istribu tions th a t were 
investigated .
T hus, it can be seen th a t the  corrected m ultihadronic d a ta  collected 
w ith  th e  CELLO detecto r a t a centre-of-m ass energy of 44 GeV can be well 
described by q u an tu m  chrom odynam ics.
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